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More than 38 % of United States’ rural land area was used for grazing (i.e., pastureland or 
rangeland) ruminant animals in 2017, constituting the largest private land use group.  The 
expansive nature of these lands means that grazing and pasture management decisions have 
potential to impact water quality as well as profit margins.  As a result, beef producers are under 
increased pressure from economic and environmental standpoints to limit application of nutrients 
beyond those required to grow the forage needed for animal consumption.  At the same time, a 
large amount of nutrients is recycled back to pasture systems directly from hay fed to cattle.  This 
study evaluated the effects of winter-feeding hay management on soil fertility and forage 
productivity on a privately-owned beef farm in northwestern Arkansas.  In this study, the two 
common hay feeding practices, using a haybale ring feeder (RF) and unrolling bales (UF), were 
evaluated over a 2-yr period from November 2015 to November 2017, and compared to an 
unamended control area.  Nutrient analysis of hay fed during the study revealed feeding bales at a 
rate of 40 bales per hectare (14.8 MG ha-1 yr-1), contained fertilizer equivalent nutrient amounts 
greater than is recommended for mixed warm season forage crops.  After two years of feeding 
hay, there was in increase in soil K concentration (P < 0.05) in both UF and RF areas, whereas the 
unamended control was unchanged.  There were also differences in soil physical properties 
between the hay feeding treatments after two years of hay feeding.  Mean soil bulk density was 
less (P < 0.1) for the UF and the control areas after, while the RF areas were unchanged after 2 
years.  In addition, total mean water infiltration for the UF was greater (P < 0.1) than the RF, 
while the control area did not differ from either.  Also, mean annual forage production was 19% 
greater (P < 0.1). for the UF relative to the control treatments, whereas for the RF, there was no 
difference.  A second objective of the study was to compare the relationship between remotely 
 
 
sensed spectral derivatives (i.e., vegetation indices) and forage biophysical variables. Imagery 
from multiple sensors at varied spatial resolution revealed strong positive correlation (P < 0.001) 
among satellite, UAV, and a handheld crop sensor. Forage biophysical variables, DFY, as well as 
percent forage N and P, had moderate to strong correspondence which occurred when imagery 
derivatives were aggregated by season.  The finding demonstrates how multiple sources of 
imagery may be useful in building informative and actionable biophysical models about forage 
conditions using remotely sensed imagery derivatives from a variety of available sources that may 
prove to be a useful and efficient tool.  Further research focused on assessment of plant 
phenologic variability during all stages of the growing season is needed in multi-species forage 
stands. Quantifying and crediting nutrient contributions to underlying soil from winter fed hay, 
allows farmers to apply less fertilizer to achieve economic optimum yields of subsequent forage 
crops.  The reduction of the fertilizer inputs may result in greater profits for producers, as well as 
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Thirty-eight percent of United States’ rural land area was used for grazing ruminant 
animals in 2017, including 49.2 and 163.5 hectares (121.6 and 403.9 million acres) of pasture 
and rangeland, respectively (USDA-NRCS, 2019).  Considering the expansive land areas used 
for ruminant production, nutrient and grazing management decisions have potential to greatly 
impact both producer profitability and natural resources such as soil and water.  The main 
agronomic nutrients considered in this regard are nitrogen (N), phosphorus (P), and potassium 
(K).  Arkansas beef producers rely on soil test nutrient recommendations and plant tissue 
analysis for developing fertilizer rates to optimize productivity (Espinoza and Daniels, 2009; 
Gadberry et. al, 2010).  
Many fertilizer-rate recommendations for pasturelands are based on an economic analysis 
of long-term experiments conducted on plots where forage was mechanically harvested (Power, 
1985), and there is need to develop a more comprehensive nutrient budget adjusted to include 
redistribution and recycling of fertility inputs (Wood et al., 2012).  In pasture systems, a large 
portion of nutrients are recycled back to the soil after forage is consumed and redeposited.  
Whitehead (1995) estimated that grazing animals return 75 to 90% of nutrients present in forage 
back to the field in the form of urine and manure (excreta).  Other researchers have approximated 
the amount of recycled nutrients returned to pasture in excreta to range from 60 to 99% (Barrow, 
1987; Wilkinson and Lowrey, 1973).       
Pasture fertility is further complicated by the need to provide supplemental nutrition 
when environmental conditions, such as moisture or temperature, limit forage production.  
Feeding hay to satisfy nutritional needs during the cooler months when forage is in short supply 
is common practice.  Similar to nutrient recycling which occurs as cattle graze forage, the 
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majority of the nutrients contained in hay, pass through the cows and are added to the soil 
surface (Whitehead, 2000).  Nutrients recycled to soil after grazing forage or eating winter-fed 
hay are two sources of soil fertility which may make notable contributions to pasture nutrient 
budgets, and which are overlooked when making fertilizer recommendations for grazed forage 
cropping systems (Jennings and Simon, 2013).    
This thesis examined nutrient distribution in pasturelands, and the relationship between 
methods of winter-feeding hay and nutrient dynamics in grazing systems, by evaluating the 
implications for soil health, forage quality and quantity, risks of surface water degradation, and 
producer profitability.  A further component of this project was to evaluate the feasibility of 
using remote sensing methods as a grazing management tool by assessing the linear correlation 
between imagery derivatives (i.e., vegetation indices) and forage biophysical characteristics, 
using a variety of imagery platforms.  An overview of the objectives and hypothesis of this 
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Nutrients Budgeting in Pasture Systems 
Developing a soil nutrient (i.e., N, P, and K) budget allows producers to make informed 
decisions about rates of fertilizer application.  The National Resource Conservation Service 
(NRCS) recommends developing a nutrient budget as part of a nutrient management plan for all 
land practices in which plant nutrients and soil amendments are applied (U.S. Department of 
Agriculture-Natural Resources Conservation Service, 2011a and 2011b).  Wood et al. (2012) 
discussed the challenge of developing nutrient budgets for pastures, where a large portion of soil 
nutrients are recycled annually, pointing out that fertilizer recommendations are often given for 
hay crops where large amounts of nutrients are removed. One potential outcome of omitting 
recycled hay and forage as sources of fertility in nutrient budgets is the potential for over 
application of fertilizer. 
Excess nutrient application has been linked to increases in water quality degradation, 
such as eutrophication of surface waters or coastal hypoxic zones.  Freshwater-use impairment 
by accelerated eutrophication from increased nutrient inputs, particularly phosphorus (P), 
continues to occur despite widespread conservation efforts (Dubrovsky et al., 2010; U.S. 
Environmental Protection Agency, 2015a, b).  For instance, harmful algal blooms have been 
linked to excess P in Lake Erie (Michalak et al., 2013; Scavia et al., 2014) and Florida (Reddy et 
al., 2011; U.S. Environmental Protection Agency, 2011). In the case of N, increased inputs to 
surface and subsurface waters impairs their use for drinking, as well as accelerating the 
eutrophication of saline and brackish waters (Dale et al., 2010), as well as to hypoxia in the 
Northern Gulf of Mexico (Alexander et al., 2008; Dale et al., 2010; Rebich et al., 2011).   
While K runoff has no known water quality concerns (Sharpley et al., 1988 and 2018), 
increased levels in soil and uptake by forages can contribute to increased occurrence of grass 
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tetany in grazing cattle (Gadberry and Powell, 2019).  Agricultural pollution control programs 
which target “hot spots” or “source areas” as opposed to whole watershed strategies, are 
considered more cost-effective approaches for reducing livestock related nonpoint source 
pollution (Sharpley et al., 2017; U.S. Environmental Protection Agency – U.S. Department of 
Agriculture, 1999).      
Applying more nutrients than are necessary for crop growth can adversely affect producer 
profitability, especially as fertilizer costs increase. The latest information from U.S. Department 
of Agriculture (USDA)-Economic Research Service reported that between 2003 and 2013 the 
price of urea (44-46% N) increased by 127%, while the price of super-phosphate (44-46% PO4) 
increased by 189% (U.S. Department of Agriculture Economic Research Service, 2020).  Certain 
management practices allow crediting which can reduce total annual N needs. For example, 
surface applied manure and planting legumes or green manures can provide N over time, which 
can reduce the need to add as much N prior to the spring growing season (Hartwig and Ammon, 
2002; Lamb et al., 2014).  The development of nutrient credits for winter-feeding hay would help 
beef producers more accurately assess nutrient pools in pastures and rangelands and therefore 
reduce fertilizer needs.  In order to develop a crediting practice, a better understanding of 
nutrient contributions from recycled forage or winter-fed hay is needed.   
 
Nutrient Distribution in Pasture Soils  
Animals grazing in pastures recycle nutrients from forage and redistribute the majority of 
these nutrients back to the pasture in the form of excreta. The uneven distribution of nutrients 
presents a challenge in developing nutrient credits from manure deposition in grazed pastures 
(Woods et al., 2012).  Although dependent on stocking density, excreta from grazing animals can 
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cover large amounts of total pastures annually.  Many studies have explored the spatial 
redistribution of pasture nutrients due to grazing.  In a study which surveyed excreta from 36 
lactating cows, White et al. (2001) approximated 10% of a 0.74 ha paddock was covered 
annually with excreta but surmised that, in terms of plant response, nearly half of the paddock 
was affected by the excreta nutrients in the same period. Similarly, MacLusky (1960) estimated 
it would takes 1.5 years for 50% of pasture area to be affected by nutrients in excreta at average 
stock carrying capacity.  
Areas of frequent congregation such as watering locations, shade, supplemental feeding 
areas, can lead to the development of areas of pastures with elevated nutrient concentrations 
(Franzluebbers et al., 2000; Peterson and Gerrish, 1996; White et al., 2001). West et al. (1989) 
observed zones of enhanced P and K that extended 10 to 20 meters from source water.  When 
comparing different types of livestock concentration areas, Sanderson et al. (2010) found that 
nutrient concentration areas were often larger at animal feeding spots than around gates or 
watering locations, and accounted for 48% of the total area affected by livestock congregation.   
Haynes and Williams’ (1993) extensive review of nutrient cycling in grazed pasture systems 
concludes that a better understanding of nutrient fluxes occurring between plants, animal excreta, 
and soil is necessary for the development of more dynamic grazing nutrient management models.   
 Management strategies can reduce areas of elevated nutrient concentration.  For 
example, the use of mobile watering stations or shade structures can lessen the amount of time 
cattle spend in the same area, resulting in a more even distribution of nutrients (White et al., 
2001). Movable watering and shade structures require additional expenses and may require 
government subsidies in order to encourage widespread implementation. Similarly, management 
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of hay feeding locations is a feasible and pragmatic way to increase redistribution of nutrients on 
pastures. 
 
Supplemental Nutrition by Winter Feeding Hay  
Providing supplemental nutrition, such as winter-feeding of hay, is an expensive 
component of raising beef cows in temperate climates. Supplemental nutrition-related costs in 
Arkansas are estimated to be 60% or more of the annual costs of producing a weaned calf with 
50% of these costs are incurred during the winter-feeding months (Gadberry, 2016).  Achieving 
the greatest return for the investment of feeding hay, requires proper management of the 
resulting nutrient addition to pastures (Jennings and Simon, 2013; Jones and Tracey, 2014).  
Feeding hay to cows during cooler months is an effective way to spread nutrients and organic 
matter across low fertility pastures (Flores and Tracy, 2012; West et al., 1989).  For instance, 
Jungnitsch et al. (2011) found soil inorganic N amounts, measured in the spring following winter 
feeding beef cattle, to be 3 times greater on bale graze sites and 3.7 times greater on bale process 
sites compared to unfertilized pastures.  
The manner in which supplemental nutrition is allocated can affect soil nutrient 
distribution. Feeding practices can either distribute nutrients evenly across pastures or lead to the 
creation of concentrated nutrient areas (i.e., hotspots), which increase the potential for loss of 
nutrients from soil via surface runoff or leaching (Franzluebbers et al., 2000).  There are many 
methods producers employ to feed hay including using feeders (i.e., hay rings, cone feeders, 
trailers, troughs, or cradle feeders), unrolling bales, or bale grazing (Buskirk et al., 2003; 
Kallenbach, 2000).  The NRCS suggests unrolling round bales during feeding as a way to 
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minimize soil disturbances, erosion and, compaction, and increase manure and urine distribution 
in pastures (U.S. Department of Agriculture-Natural Resources Conservation Service, 2015b).  
 Feed efficiency, which is the amount of the hay that is consumed rather than wasted 
during feeding, also factors into management considerations.  Estimates of hay waste from 
unrolling bales range from 25% to 45%; however, efficiency can be greatly improved (12% 
waste) if the amount of hay fed to cattle is limited to what can be eaten on a daily basis 
(Anderson and Mader, 1984; Kallenback, 2000).  Additionally, Landblom et al. (2007) found 
using tapered feeders reduced hay waste by 5 to 15% compared to unrolling bales or using a bale 
processor to shred bales into windrows.   
The concentration of nutrients in mixed grass hay is variable and dependent on many 
factors such as soil fertility, maturity stage of forage crop, forage species, weather conditions at 
harvest, and storage conditions.  In Arkansas, producers are encouraged to test hay to ensure 
cattle are provided adequate nutrition (Gadberry and Keaton, 2012).  On average, mixed-grass 
hay contains 1.84% N (N = % CP divided by 6.25), 0.29% P, and 1.74% K on a dry-weight basis 
(Gadberry, 2015).   In winter-feeding hay demonstrations conducted in Arkansas, it was 
estimated that a typical 1.2 x 1.5 m round bale (4’ x 5’) contains fertilizer values equivalent to 45 
kg (100 lbs) of 17-17-17 N-P-K, (Jennings and Simon, 2013).  
Considering that 1.97 Mg (2.17 million tons) of hay, valued at 488.6 million US dollars 
were produced in Arkansas in 2018 (U.S. Department of Agriculture NASS, 2019), current 
pasture nutrient management budgets do not account for thousands of tons of N, P, and K.  
Determining a monetary value for the per-bale fertility benefit for a pasture may be beneficial to 
develop a nutrient credit from hay, which could potentially reduce fertilizer costs, while 
maintaining economical yields.  
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Management Effects on Pasture Forage and Soil Dynamics 
Livestock grazing management strategies can affect the ecological health of pastures and 
rangelands in multiple ways.  Grazing puts pressure on forage stands and can cause soil 
disturbance. Also, the method of pasture management can affect species composition by 
defoliation and damage to vegetation by treading (Greenwood and McKenzie, 2001).  Selective 
grazing can also impact species richness and diversity as more palatable vegetation is consumed 
and less preferred plants are avoided (Hutchinson and King, 1980).  Biomass production can also 
be impacted by management strategies. For example, one study found that overstocking 
decreased the amount of biomass produced by white clover in spring by 40-50% (Brown, 1968). 
Areas of denuded vegetation also provide opportunity for less desirable species to become 
established as soil becomes exposed, as well as increasing the risk of erosion (Renne and Tracy, 
2007; Sharpley et al., 1996). 
Feeding large round bales in ring feeders can negatively affect forage as vegetation 
becomes trampled and soiled, leaving stands diminished and putting soil at risk of erosion 
(Greenwood and McKenzie, 2001). Unrolling round bales spread the impact of hoofs out over 
more area therefore lessening the deleterious effects on pasture vegetation (Rhoades et al., 2010). 
There are few studies which directly compare method of winter-feeding hay influences on 
species composition and nutrient distribution.   
 
Using the Soil Health Tool to Assess Pasture Nutrient Pools 
Maintaining pasture fertility is crucial for supporting the nutrient needs for forage crops.  
In a review of nutrient budgets in pasturelands, Wood et al. (2012) pointed out the need for a 
better understanding of the role recycled nutrients play in pasture systems, suggesting that 
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optimum N application rates for grazed grasslands should be adjusted downward to account for 
recycling via deposited excreta. In a two-year study looking at application rates of surface 
applied dairy cow manure, Haney et al. (2001) found soil N mineralization and forage N uptake 
were poorly correlated while the relationship between one-day CO2 and N-mineralization 
correlated highly.  Underestimating plant available nutrients cycling in unquantified pools (i.e., 
biota and labile pools) ultimately can result in recommendations for nutrient in excess of crop 
needs (Harmel et al., 2009).   
 A new approach of testing soil nutrient status, which has gained attention of agronomists 
and soil scientists alike is measuring the “health” of soil.  The NRCS recommends using the 
Haney Soil Health Nutrient Tool (HSHNT) to assess soil nutrient pools.  The U.S. Department of 
Agriculture Soil Health Nutrient Tool method comprehensively integrates soil nutrient 
recommendations with soil biological traits in order to more accurately account for biologically 
supplied nutrients in the soil system (U.S. Department of Agriculture-Natural Resources 
Conservation Service, 2015a).  However, more research is needed in terms of identifying testing 
methodology and criteria with more universal applicability to better understand this method of 
soil testing.  Roper et al. (2017) highlighted the need for calibration of soil health indicators to be 
calibrated for agronomic managements systems in order to better account for regional intrinsic 
soil limitations. The present study will compare HSHNT with Arkansas soil nutrient testing’s 
fertility recommendations, evaluating implications for producers. 
 
Multispectral Imagery to Estimate Pasture Productivity 
Matching stocking rate to available forage biomass is a fundamental aspect of grazing 
management.   There are many indirect methods for estimating pasture biomass (i.e., rising plate 
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meter [RPM], modified Robel pole, and canopy height sticks) used to help producers monitor 
forage availability (Dillard et al., 2016; Harmoney,1997).  Other studies have demonstrated the 
efficacy of multi and hyperspectral image derived vegetation indices (VIs) to predict biomass 
production, nutrient content, and crop yields (Chen et al., 2009; Flynn et al., 2008; Phillips et al., 
2006; Pirtle, 2016; Pullanagari et al., 2011; Rundquist, 2002; Watanabe et. al, 2014; Zhao et. al, 
2007).    
Satellite spectral imagery products have been used to predict yield (Rembold et al., 
2013), estimate plant biomass (Roy and Raven, 1996) and determine forage quality (Loris and 
Damiano, 2006) for many cropping systems.  Bu et al. (2017) demonstrated the effectiveness of 
satellite imagery and ground-based active optical sensors as yield predictors for a variety of 
crops (e.g., sugar beets, spring wheat, corn, and sunflowers), while recognizing data acquisition 
limitations of satellite imagery associated with cloud cover and satellite orbit return cycles.   
Some of the aforementioned limitations of satellite imagery can be overcame with the use 
of unmanned aerial vehicles (UAVs).  In recent years, less stringent regulations which allow the 
use of UAVs in national airspace, along with the mass production of economical and reliable 
UAVs, technological advances in multi- and hyperspectral sensors, and development of user-
friendly flight control systems, have resulted in an array of opportunities for researchers, 
regulators, and producers to catalog pasture resource attributes. 
Unmanned aerial vehicles have been used to acquire high resolution multispectral 
imagery used to derive VI and surface models to estimate plant biomass (Lelong et al., 2008), 
measure plant height (Bendig et al., 2014), predict nitrogen content (Schirrmann et al., 2016), 
evaluate spatial distribution of forage biomass (Kawamura et. al., 2017), and monitor invasive 
plants (Zaman et al., 2011).  There have also been studies which demonstrated the potential of 
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using UAVs to remotely sense forage quality and quantity, drought stress, and to inventory land 
cover and vegetation species (Zarco-Tejada et al., 2012; Laliberte et al., 2011; Beeri et al., 2007).  
Ahmed et al. (2017) used a multispectral UAVs mounted sensor to classify 5 groups of land 
cover classes (i.e., forest, shrub, herbaceous, soil and build-up) with 95% accuracy, when 
compared to field observations. Change detection algorithms can be harnessed to rapidly assess 
the spread of invasive weeds, identify low lying topography, and survey pasture impacts from 
management (i.e., excreta distribution, congregation impacts) at the field scale.   
There have been few studies conducted which demonstrate the utilization of multispectral 
imagery acquired to assess impacts of winter hay feeding on pasture productivity and forage 
quality, in a multi species pasture.  This study will compare multispectral imagery collected 
using ground based, UAVs, and satellite based multispectral sensors, evaluate implications as a 
grazing management tool. 
 
Research Objectives and Hypothesis 
The objectives of this study were to evaluate two methods of winter-feeding hay 
management practices (i.e., unrolling large round bales and using a round bale ring feeder), 
compared against a control where no hay is fed by evaluating: (1) soil nutrient levels; (2) soil 
physical properties (i.e., bulk density and water infiltration); (3) vegetation attributes (forage 
coverage, quality, yield, and species richness and diversity); and (4) the utilization of 
multispectral imagery collected by UAV to derive vegetation indices to predict biophysical 
variables (forage nutrient content and yield). The hypothesis was that if feeding hay during 
winter months resulted in a significant import of nutrients, then the hay treatments paddocks (i.e., 
UF and RF) would have greater amounts of N, P, and K in soil and result in more abundant 
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forage production, compared to the control areas, where no hay was fed.  Furthermore, if the 
method of winter-feeding hay to beef cows has an impact on pasture soil and forage properties, 
then the UF treatments will result in less compaction using bulk density as a proxy, as well as 
greater forage production due to the amount of damage to forage stands due to herd congregation 
and differences in soil nutrient distribution.  For the second part of the thesis which evaluated 
using remote sensing of forage biophysical properties, if imagery derived vegetation indices 
correspond well with individual plan species (i.e., monocrop systems) phenologic growing cycle, 
then the relationship will also occur when considering multispecies forage crops. Furthermore, if 
spatial resolution allows higher detail of imagery, then the higher the resolution (i.e., UAV) 
imagery derivatives will contain more meaningful information which will result in stronger 
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Assessing impacts of winter-hay feeding on soil and forage 















Pasture and rangelands make up greater than 38% of the privately owned, rural lands in 
the contiguous United States. During winter months, while forage productivity is inhibited by 
colder weather and limited sunlight, ruminant animals are commonly fed hay.  Following 
consumption, a majority of the nutrients within hay pass through animals and get deposited atop 
pasture soils.  Current pasture nutrient management strategies forego crediting nutrients (i.e., 
nitrogen, N; phosphorus, P; and potassium, K) that result from feeding hay to cattle. Discounting 
these nutrient contributions increases the likelihood of over application of fertilizer, potentially 
adversely impacting both producer profitability and the environment. A study was conducted to 
evaluate two common strategies of winter-feeding hay—unrolling round bales (unroll fed, UF) 
and using a ring feeder (ring fed, RF).  If winter-fed hay is a significant source of nutrient import 
to pasture dynamics than differences in soil and forage properties would likely occur. Treatment 
paddocks were established and a comparison was made between UF, RF, and a control area (C) 
to which no hay was applied, to evaluate nutrient impacts in a rotationally grazed beef pasture in 
northwestern Arkansas. Forty-six Red Angus (Bos taurus) cow/calf pairs and a bull, were fed 
hay at a rate of 14.8 Mg ha-1 yr-1 during two winters from December to February in 2015 to 2017.  
Variables evaluated included soil chemical and physical properties, which were measured the 
November 2015 and again two years later in 2017, and forage quantity and quality parameters 
taken from samples collected during the Spring and Summer months each study year.  The dollar 
per acre value of plant available N, P, and K increased (P = 0.024) over the 2-year study, by 17.9 
and 14.0% and decreased nominally by 5.5% for the RF, UF, and C paddocks, respectively.  The 
concentration of Mehlich-3 extractable soil K and M3-Mg increased by 83 and 33% for RF 
paddocks and by 126 and 51% for UF, respectively. Relative to the control, mean annual dry 
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forage yield, were 5 and 19% greater for RF and UF paddocks.  Total soil water infiltration rate 
measured once in April 2017, was greater (P < 0.001) for the UF (mean of 1.76 mm min-1) than 
for RF treatments (mean of 0.56 mm min-1). The results of this study demonstrate that nutrients 
in winter-fed hay impart important benefits to the fertility of pasture soil that should be 






















Greater than 38% of privately-owned United States (U.S.) rural land area, consisting of 
49.2 and 163.5 million hectares of pasture and rangeland, respectively, are used for grazing 
ruminant animals (U.S Department of Agriculture-Natural Resource Conservation Services, 
2019). In light of the large proportion of U.S. land utilized for beef, dairy and other ruminant 
animal production, nutrient management decisions have potential to impact both producer 
profitability and the environment. For example, Alexander et al. (2008) estimated that 37% of 
the phosphorus (P) load entering the Gulf of Mexico from the Mississippi River Basin, could be 
attributed to poor nutrient management on pasturelands.  Further, nutrient and soil losses from 
pastures has the potential to decrease soil productivity and, thereby, farm profitability (Sharpley 
et al., 2012).  
In Arkansas, soil test nutrient recommendations and plant tissue analysis are used to 
determine fertilizer application rates for optimum forage production (Espinoza and Daniels, 
2009; Gadberry et al., 2002). However, because fertilizer-rate recommendations for pasture were 
developed based on economic analysis of long-term experiments conducted on plots where 
forage is mechanically harvested (Power, 1985), there exists a need to develop a more 
comprehensive nutrient budget adjusted to include redistribution and recycling of fertility inputs 
in pasture systems (Wood et al., 2012).     
In pasture systems, between 60 and 99% of the nutrients contained in forage and 
consumed by cattle are recycled back to the soil as animal urine and manure (Barrow, 1987; 
Whitehead, 2000; Wilkinson et al., 1973).  Pasture fertility is further complicated by the need to 
provide supplemental nutrition when environmental conditions, such as moisture or temperature, 
limit forage production.  Feeding hay to beef cattle to provide nutrition during cooler winter 
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months, when forage is in short supply, is as common practice in temperate climates, and is 
estimated to contribute from 50 to 60% of the costs of raising cattle in temperate climates 
(Gadberry, 2016; Ramsey et al., 2005; Short, 2001).  Similar to nutrient recycling which occurs 
as cattle graze forage, a majority proportion of the nutrients contained in hay pass through the 
cows and is deposited on the pasture soil surface, ultimately contributing to overall increased soil 
fertility (Flores and Tracy, 2012; Jungnitsch et al., 2011).   
Recycled forage nutrients and inputs from winter fed hay, are two sources of fertility that 
make notable contributions but are often overlooked when making fertilizer recommendations 
for grazed pasture systems (Jennings and Simon, 2013).  The objectives of this study were to i) 
examine nutrient distribution in pasturelands as impacted by two winter-feeding hay options 
(using a ring feeder and unrolling bales) and ii) evaluate the implications of each winter-feeding 
option on soil fertility and, forage quality and quantity, along with potential impacts on producer 
profitability. The hypothesis was if feeding hay during winter months resulted in a significant 
import of nutrients, then the hay treatments paddocks (i.e., UF and RF) would have greater 
amounts of N, P, and K in soil and result in more abundant forage production, compared to the 
control areas, where no hay was fed.  Furthermore, if the method of winter-feeding hay to beef 
cows has an impact on pasture soil and forage properties, then the UF treatments will result in 
greater forage production compared to the RF treatment due the UF having less compaction, 







Materials and Methods 
Site Description and Study Area Description 
The study was conducted on a private farm in the Ozark Highlands of western 
Washington County, Arkansas (36°04'N, 94°25’W, 360 m elevation; Figure 1).  The climate is 
considered sub-temperate (NOAA, 2018) with a 30-yr mean annual air temperature of 14.6 °C 
(58.2 °F), with daily means ranging from -3.2 °C in January to a high of 31.8 °C in August 
(NOAA, 2018).  The 30-yr mean annual precipitation at the site is 115.6 cm (45.5 inches), with 
the majority occurring between March and May while August is on average being driest (NOAA, 
2018).  Rainfall distribution deviated from the 30-yr annual mean with above average 
precipitation occurring during fall 2015, and both spring and summer of 2017 and was below 
average during the fall of 2016 and 2017 (Figure 2). Air temperatures were close to average 
during the study period (Figure 2). 
Vegetation at the study site was comprised of 46.2% forbs and 53.8% grass. Leguminous 
plants made up 57.5% of the forb species surveyed. A total of 58 individual species of plants 
were identified in the pasture study area, dominated by crabgrass (Digitaria sanguinalis) and 
white clover (Trifolium repens) accounting for 35.7 and 20.8% of forage counted, respectively.  
Soils in the pasture are classified entirely as silt loam, consisting of Johnsburg silt loam (fine-
silty, mixed, active, mesic Aquic Fragiudults), Captina silt loam (fine-silty, siliceous, active, 
mesic Typic Fragiudults), Pembroke gravelly silt loam (fine-silty, mixed, active, mesic Mollic 
Paleudalfs), and Pembroke silt loam (fine-silty, mixed, active, mesic Mollic Paleudalfs) (U.S. 
Department of Agriculture-Natural Resources Conservation Service, 2018).  The mean slope 
across the study area was 2.9%, ranging from 0.7 to 9.7%.  The study area was selected based on 
the low soil test nutrient levels as determined by the producer’s 2014 nutrient management plan 
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such that nutrients recycled from hay would make measurable additions to pasture fertility over a 
2-yr period.  The last soil nutrient amendments applied to the study area were in 2011 when hen 
(Gallus gallus domesticus) litter was applied at a rate of 5.6 Mg ha-1 (2.5 tons acre-1). 
 
Experimental Design 
Forty-six Red Angus cow-calf pairs and a bull were fed hay on a 3.6 ha pasture 
subdivided into 12, 0.3-ha paddocks.  The study used a randomized complete block design, 
consisting of three treatment paddocks replicated in four blocks (Figure 1). Treatments included 
two methods of winter-feeding hay and a control (C) where no hay was fed.  The methods of 
winter-feeding hay were 1) unrolling (UF) round-bales with a tractor implement and 2) using an 
open top round bale ring feeder (RF).  Aside from nutrients imported as winter-fed hay, the 
treatments received no additional inputs other than naturally occurring processes such as rain, 
carbon sequestration, and leguminous nitrogen (N) fixation.  
 
Winter Feeding Hay  
Mixed-grass hay bales were fed December through February during the 2015 and 2017 
winters.  The hay were sourced from a seller within Washington County, AR.  Each year, all hay 
fed in study came from the same lot.  In total, 192 mixed-grass round bales with an average 
weight of 374 kg bale-1 were fed over two winters, or 14.8 Mg ha-1 yr-1. In the RF paddocks, 
predetermined placement of ring feeders using global positioning system (GPS) were demarcated 
using pin flags and marking paint to serve as a visual que where to place ring feeders (Figure 3).  
In the UF paddocks, bales were unrolled using a tractor implement, using residue from the 
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previous bale as a guide, the location of each new bale rolled out was changed until the block 
was carpeted completely.  
Starting with block 1, hay was fed at a rate of 2 bales d-1, alternating daily between UF 
and RF treatments until 24 bales were fed per block, then moving clockwise through the blocks 
until all hay feeding treatments were covered.  The process took 48 (+/- 2) days each winter. To 
protect pasture soils from compaction, when rain or snow was forecasted, extra hay was put out 
prior to bad weather to avoid driving tractors in wet field conditions. The same strategy was used 
during the 2016-2017 winter, with the exception that ring feeding locations were staggered from 
the 1st year placement within RF treatments to uniformly distribute nutrients (Figure 3). 
 
Soil Properties 
Grid soil samples were collected prior to winter hay feeding in November 2015 and again 
following two winters of hay feeding in November 2017.  Five composite soil sample locations 
were generated in each of the 12 treatment paddocks (n = 60).  At each point, a bulk density 
sample was collected to a depth of 10 cm using a slide hammer with a 5.1-cm-diameter x 10-cm 
long metal core chamber.  Soil cores were manually crumbled, placed in paper bags, oven dried 
for 72 hours at 105 ◦C, and then weighed to determine bulk density. A 50-g subsample from each 
soil core was used to determine soil particle-size distribution using the 2-hr hydrometer method 
described by Arshad et al. (1996), the results of which confirmed the Web Soil Survey’s silt 
loam designation (USDA-NRCS, 2018).  
Composite samples were also collected, aggregating six 2.54-cm-diameter soil cores to a 
depth of 10 cm, collected at approximately 60-degree intervals, along a 2-m radius from each 
sample point.  Soils were thoroughly mixed and a 50-g fresh portion of soil was removed from 
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each composite sample, combined, and thoroughly mixed again for each treatment paddock to 
result in one composite, fresh sample, for every paddock (n = 12).  Fresh (as-is) samples were 
sent, to the U.S. Department of Agriculture-Agricultural Research Service, Grassland, Soil and 
Water Research Laboratory in Temple, TX for analysis using the Soil Health Tool (SHT; Haney 
et al., 2018).  A soil health score (SHS) was calculated based on Equation [1]:   






   [1] 
where 1-d CO2-C was the amount of carbon dioxide (CO2) released by microbes in the soil in a 
24-h period using the Solvita© gel system (Haney et al., 2018); WEOC was water-extractable 
organic carbon; and WEON was water-extractable organic N.  Plant-available nutrients were 
estimated using the SHT using H3A which is a mix of weak organic acids (citric and oxalic acid 
are chelators), lithium citrate, and two synthetic chelators (i.e., ethylenediaminetetraacetic 
and diethylenetriaminepentaacetic acid) that extract nutrients at a pH similar to natural 
conditions (Haney et al., 2006).  Further information about the SHT, including the extractants 
and instruments used for measurements are reported in Appendix A. 
Preserved portions of each original composite sample were air dried for 4 weeks, ground 
(Dynacrush soil crusher, Custom Laboratory Equipment) and sent to the Agricultural Diagnostic 
Laboratory at the University of Arkansas, Fayetteville, Arkansas for conventional soil nutrient 
analysis.  Soil was extracted with Mehlich-3 (M3) extraction solution and analyzed by 
inductively coupled plasma–atomic emissions spectrometry (ICAP-AES; Zhang, et al 2014a).  
Soil pH was measured potentiometrically as a 1:2 soil mass:water volume ratio (Sikora and 
Kissel, 2014).  Soil electrical conductivity (EC) was also measured potentiometrically in a 1:2, 
soil mass:water volume ratio (Wang et al., 2014). Soil organic matter concentration was 
determined by weight-loss-on-ignition (Zhang and Wang, 2014). Total N concentration was 
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measured by high-temperature combustion (Provin, 2014).  Total recoverable P concentration 
was determined by acid digest (U.S. EPA, 1996). 
Falling-head infiltration measurements were conducted (n = 40) at random locations 
within the study area (Figure 3) on 11 April 2017. Infiltration measurements were conducted 
using the procedures described by DeFauw et al. (2014), Jacobs et al (2015), and Anderson et al. 
(2018).  Infiltration measurements in each of the UF and control paddocks were measured at two 
random locations since treatment impacts to pasture soil and water were assumed uniform in 
distribution. Infiltration measurement were conducted for the RF paddocks, at a total of six 
locations in order to compare three discrete impacts ring feeding had on pastures (i.e., year 1 
[RF1], year 2 [RF2], and the areas outside the impact zone of cattle congregating around feeders 
[RFO]; see Figure 3). At each measuring location, surface vegetative stubble and residue was 
carefully clipped and moved aside, and a double-ringed infiltrometer (Turf-Tec International, 
Tallahassee, FL), with a 30.5- and 15.2-cm-diameter outer and inner-ring respectively, was 
manually installed to a depth of approximately 2.5 cm. To prevent water leakage from occurring 
around the exterior perimeter, soil along the outside ring exterior wall was pressed firmly against 
the ring. After installation, triplicate volumetric soil water content measurements from the top 6-
cm were made within the outer ring using a Theta Probe (ML2x, Dynamax, Inc., Houston, TX).  
Water supplied by a well on the property was poured into the infiltrometers, starting with 
the outer-ring, to buffer against horizontal flows and ensure water infiltration occurring in the 
inner-ring would flow vertically into and through the soil. Once the outer ring was filled with 
water, the inner ring was filled and the column height of the water within the inner-ring, along 
with time was immediately recorded to represent the water at time zero (T0).  Subsequent water 
column heights were recorded after 1, 2, 3, 4, 5, 8, 10, 12, 15, 18, and 20 min. At three locations, 
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complete infiltration was achieved in less than 20 min, in which case the time of complete 
infiltration was recorded.  The overall infiltration rate was calculated by dividing the height of 
water by 20 min, or the time it took for all of the inner-ring water to completely infiltrate (i.e., if 
< 20 min) for each sample location.   
 
Forage Properties 
Forage-plant species composition was surveyed in July 2016 and again in July 2017. A 2-
m2 area was demarcated using a 3.81-cm-diameter, polyvinyl chloride frame 1-m wide x 2-m 
long, with a point intersect string grid system (Figure 4). At each of the 30 intersects per 
location, forage species were identified and recorded.  If no plant was at a sample grid point, the 
location was designated as either mulch, manure, or bare soil. Unknown plant species were either 
photographed or a specimen collected from outside of the sample area and area botanists and/or a 
grassland forage specialist were consulted for identification. A list of all species surveyed in the 
study area, along with species relative abundance, is summarized in Appendix B.  
Above-ground dry forage yield (DFY) was measured three times during the growing 
season of the first year (April, May, and July 2016), and twice the second year (May and July 
2017).  Forage was mechanically harvested at four locations within each treatment using a 
bagging mower to simulate grazing by cutting and collecting material in a 2-m2 swath to a 
stubble height of 5 cm above ground. Forage samples were bagged, weighed, and put in coolers 
with ice. Once all forage samples were collected for a sample date, forages were dried in a forced 
air oven at 60 ◦C for 72 h.  
After drying, samples were weighed and ground through a 2-mm screen. The forage 
samples were then sent to the Agricultural Diagnostic Laboratory at the University of Arkansas, 
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Fayetteville for analysis. Percent crude protein was estimated using total percent N by 
combustion using Elementar Rapid N III (Association of Official Analytical Chemists, 1990).  
Acid (ADF) and neutral (NDF) detergent fiber content was measured by Ankom digestion 
(Association of Official Analytical Chemists, 1990; Van Soest et al., 1991).  Mineral nutrient 
concentrations (i.e., percent P, K, Ca, Mg, and S; and mg kg-1 of Na, Fe, Mn, Zn, Cu, and B) 
were determined using digestion with HNO3 followed by analysis by the ARCOS ICP 
spectrometer (Jones and Case, 1990). Total digestible nutrients (TDN) concentration was 
determined using the following Equation [2]:  
TDN = 73.5 + 0.62(%CP) − 0.71(%ADF)  [[[ 
where, %CP was the percent dry matter that was crude protein (CP) and %ADF was the percent 
dry matter that was an acid detergent fiber (ADF). Relative feed value (RFV) was determined 
using Equation [3]:  
RFV = 𝐷𝐷𝐷𝐷𝐷𝐷 ×𝐷𝐷𝐷𝐷𝐷𝐷
1.29
         [3] 
where, DDM was digestible dry matter and DMI is dry matter intake (Ball et al., 2002). The milk 
tetany ratio (MTR) was calculated using Equation [4]: 
𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐾𝐾 × 255.74
 (𝐶𝐶𝐶𝐶 × 499.0)+(𝐷𝐷𝑀𝑀 × 822.64)
        [4] 
where, K is percent potassium, Ca is percent calcium, and Mg is percent magnesium in forage 
multiplied by factors to convert to milliequivalents forms (Oetzel. 1993).  The milk fever ratio 
(MFR) was calculated using Equation [5]: 
𝑀𝑀𝑀𝑀𝑀𝑀 =  𝐶𝐶𝐶𝐶 × 499.0
𝑃𝑃 × 255.74
          [5] 
where Ca is percent calcium and P is percent phosphorus multiplied by factors to convert to 




Nutrients Imported by Feeding Hay  
An estimation of the nutrients imported into the pastures from fed hay during the 2016-
2017 winters was calculated.  Hay forage samples were collected for nutrient analysis from eight 
random hay bales during each of the two winter feeding seasons.  A composite sample was 
collected as bales were unrolled by walking along freshly unrolled bales and collecting a handful 
of hay every 10 m along the length of the unrolled bale.  Hay samples were weighed, placed in 
plastic bags, and refrigerated.  After all hay was fed and sampled for a winter season, hay 
samples were dried, weighed, ground, aggregated per block, and submitted for nutrient analysis 
to the Arkansas Diagnostic Laboratory. No other supplemental minerals, soil amendments, or 
feed were applied or fed during the study. 
 
Statistical Analyses 
A two-factor analysis of variance (ANOVA), with a factorial treatment structure, where 
the whole plot was a randomized complete block design, was conducted using the generalized 
linear mixed-model (i.e., proc GLIMMIX)  procedures in SAS (version 9.3, SAS Institute, Inc., 
Cary, NC) to evaluate the effects of the winter feeding hay treatments, time, and their 
interactions on soil physical and chemical properties (i.e., BD, pH, EC, SOM, TP, TN, M3-P, 
M3-K, M3-Ca, M3-Mg, S, Na, Fe, Mn, Zn, B, and Cu, ), soil health properties (H3A-N, H3A-
P2O5, H3A-K2O, 1-day-CO2, WEOC, WEON, C:N, and SHS), and forage properties (i.e., CP, 
ADF, NDF, TDN, RFV, N, P, K, C, Mg, S, Na, Fe, Zn, Cu, B, and DFY).  When appropriate, 
means were separated using least significant difference (LSD) at α = 0.1 level.  The probability 
level of P ≤ 0.1 was selected due to the high variability of soil chemical and physical properties 
that occurs manured soils (Assefa et al., 2004; Jungnitsch et al., 2011).  For DFY, P ≤ 0.1 was 
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considered significant due to the practical implications forage productivity has on stocking rates.  
Treatments were treated as fixed effects for all ANOVA calculations.  The relationship among 
soil variables was also evaluated using pairwise correlation analysis, with results considered 
significant at the P < 0.05 level. 
Additionally, the spatial distribution of soil properties within the RF paddocks was also 
evaluated.  Soil samples were collected and analyzed based on three distinct geospatial areas 
(i.e., impact area for year 1 [RF11], year 2 [RF2], and outside of ring feeding impact [RFO] for 
both years (Figure 3).  A separate ANOVA was conducted to evaluate the spatial and temporal 
influence of the sample locations on soil properties within the RF paddocks.  An ANOVA was 
also conducted to evaluate the effect hay feeding treatments had on the overall infiltration rate 
using JMP Pro (version, SAS Institute Inc., Cary, NC, 2019).  A comparison of means for each 
pair using Student’s t confidence test was conducted to determine whether infiltration rates 
differed among treatment (P < 0.05).    
 
Results and Discussion 
Nutrients in Hay 
Nutrient analysis and forage quality testing of the hay fed during the study revealed bales 
contained an average 5.3, 2.3, and 8.0 kg bale-1 of N, P2O5, and K2O, respectively, on a dry 
weight, fertilizer-equivalent basis (Table 1). Theoretical nutrient additions calculated using a 
conservative nutrient cattle retention rate of 30% are summarized in Table 2.  A comparison of 
the average fertilizer-equivalent nutrients contained in mixed-grass hay fed during this study, 
compared to that in Washington County, AR, and that for the state of Arkansas is also provided 
in Table 3. Compared to county- and state-wide average values, hay fed during the study 
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contained lower levels of N, similar amounts of P2O5, and greater levels of K2O. The value of 
nutrients in the hay fed during the study, using 2017 regional fertilizer price estimates the 
USDA-ARS used in the Soil Health Tool are summarized in Table 4.  During the study, hay was 
fed at an annual rate of about 37.5 bales ha-1, supplying an estimated $546.5 ha-1 value of 
combined N, P2O5, K2O5, and Ca.    
 
Pre-treatment Soil Properties 
Soils throughout the study area had a mean particle-size distribution consisting of 34, 57, 
and 9 % sand, silt, and clay, respectively, which put nearly all soils sampled into the silt-loam 
textural class, which corresponded well with designations made by the Web Soil Survey (USDA-
NRCS, 2018; Appendix A).  Pre-treatment fertility levels for M3 extractable soil nutrients, for 
which the University of Arkansas offers fertility recommendations when considering mixed-
grass warm season pastures (Espinoza et al., 2007; Table 5), categorized fertility levels as 
medium for M3-P (31.5 mg kg-1) and low for M3-K (87.5 mg kg-1). Mean soil nutrient 
concentrations did not differ (P > 0.05) among pre-assigned treatments for the November 2015 
sampling, prior to hay being fed, with the exception of M3-S, which had greater mean 
concentrations (P = 0.026) for the pre-assigned UF and control areas, which did not differ, 
compared to the RF treatment paddocks which averaged 13.6, 13.3, and 11.3 mg kg-1, 
respectively. Additionally, soil BD, pH, and OM did not differ (P > 0.05) among pre-assigned 
treatments in November 2015, prior to hay being fed.  
Soil fertility levels, estimated using the Soil Health Tool’s H3A extraction method, did 
not differ (P > 0.1) among pre-assigned treatments for N, P, or K.  At the start of the study, the 
1-day-CO2 respiration was greater (P < 0.05) for the UF (53.1 ppm) compared to the C (23.7 
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ppm) and RF (22.8 ppm) paddocks, which did not differ prior to any hay being fed (Table 9). 
The aforementioned difference in soil microbial respiration affected the SHS resulting in a 
greater (P < 0.05) pre-treatment SHS for UF paddock, compared to the control C and RF 
paddocks, which did not differ, with mean SHS values of 10.2, 7.3, and 7.0 (unitless), 
respectively (Table 9).   
 
Treatment Effects on Soil Properties 
Soil samples were collected in November 2015 before hay was fed, and in November 
2017, after two years of winter-feeding hay, in order to compare the effect feeding hay had on 
soil properties. There were soil surface properties in the top 10 cm which differed (P < 0.1) 
among treatments, differed between years, and differed among treatment year combinations 
(Table 6 and Table7).  Soil M3-K concentration increased (P < 0.05) over the 2-year period by 
126 and 83 % in the UF and RF paddocks, respectively, but did not differ for the control over the 
same period of time (Figure 5).  Soil M3-P concentration decreased numerically over time by 
8.2, 3.1, and 1.9 mg kg-1 for the C, RF, and UF treatments, respectively. Soil mean EC differed 
between years in the unamended control, decreasing (P < 0.05) over time from 81.7 to 58.2 ds m-
1, while both the UF and RF areas increased numerically (P > 0.05; Figure 5).  In addition, soil 
M3-Mg concentration differed over time (P < 0.05) for each treatment, increasing by 19.4, 33.3, 
and 51.2% for the C, RF, and UF paddocks, respectively (Figure 5).  Over the study period, all 
treatments had numerical increases (P > 0.05) in soil concentration of Ca, B, and TN over time.  
Averaged across treatment year combinations, there were also increases (P < 0.05) over time in 
soil concentration of M3-B, M3-Ca, TN, H3A-N, H3A-NO3, P2O5needed, WEOC, and WEON 
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(Table 8), while mean treatment concentrations decreased over time for M3-Cu, M3-Fe, M3-Mn, 
M3-P, BD, H3A-P2O5, and Nneeded (Table 8).  
Other winter-hay feeding studies observed similar results in regards to changes over time 
in soil P and K concentrations.  For example, Flores and Tracy (2012) found that soil P and K 
concentrations were greater (P < 0.05) in hay feeding pastures compared to non-hay fed pastures, 
a difference they attributed to increased manure deposition, on a silt loam soil in VA, USA.  
While a Canadian study reported increased (P < 0.1) soil extractable P and inorganic-N 
concentrations in bale feeding sites compared to non-amended controls over time (Jungnitsch et 
al., 2012).  However, both these studies had several differences in experimental design variables 
compared to the present study.  For example, the duration of winter feeding was 130 and 150 
days each year for the VA and Canadian studies, respectively, versus 48 days per year for the 
current study.  Furthermore, soil sampling depths differed between studies as well.  Arkansas soil 
fertility guidelines were followed for the present study which suggest taking a soil samples to 
depth of 10-cm for pastures, while in the other two studies soil sample depths 20 and 15 cm for 
the VA and Canadian studies, respectively. The different soil depths and duration of hay feeding, 
may explain the greater accumulation of nutrients observed, since stocking densities were 
roughly equivalent.   
In the present study soil P concentration decreased numerically and soil TN, H3A-N and 
H3a-NO3-N concentration increased, for all treatments including the non-amended control. One 
thing that likely contributed to the difference is in the present study cattle needed access to a 
pond for water source, therefore it is every likely that nutrients migrated over into control areas, 
in between feedings.  Another possibility is that cattle preferred to feed in the control areas for a 
period of time after the hay was fed in the UF and RF areas. A tendency for cattle and sheet to 
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avoid areas where urine and manure deposition has occurred for 6 to 18 months have been 
documented (Lütge et al., 1995; Norman and Green, 1958).  
This study hypothesized that treatments where hay was fed using a ring feeder (i.e., RF) 
would result in less uniform distribution of nutrients, however, this was not the case when 
considering N, P, and K concentration. Considering ring location (i.e., RF1, RF22, and RFO), 
soil properties did not differ (P > 0.05) with regards to placement of the ring feeder within ring 
paddocks.  Mean M3-P concentrations of for the RF1, RF2, and RFO locations were 28.4, 23.9 
and 21.7 mg kg-1, respectively, and were 191, 157, and 148 mg kg-1 for M3-K, respectively. 
 
Soil Health Tool 
Several soil health properties evaluated in the Soil Health Tool suite of analysis differed 
among treatments, differed between years, and differed among treatment-year combinations 
(Table 7).  Over the course of the study, mean SHS increased (P < 0.05) over time by 5.7 and 5.4 
(unitless) for the control and RF treatments, respectively, but only numerically increased (P > 
0.05) for the UF by 1.8 (unitless; Table 9). Increased microbial respiration, as estimated by 1-
day-C02-C, also increased over time (P = 0.02) by 39 and 38 ppm for the control and RF 
treatments, respectively, but numerically decreased (P > 0.05) by 3.7 ppm for the UF treatment 
(Table 9).  Concentration of WEOC and WEON increased (P < 0.05) similarly over time for all 
treatments, with WEOC increasing (P < 0.05) by 57.1, 53.1, and 59.8 mg kg-1 and WEON 
increasing by 5.9, 7.1, and 8.7 mg kg-1 for the control, RF, and UF treatments, respectively 
(Table 9).  
The increased microbial activity in the RF and control treatments and nominal decrease 
for the UF treatment, may have been due to one of UF paddocks starting out the study with a 
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greater SHS, which may have been the result of unknown legacy effects of prior management 
efforts. Furthermore, there may have been some suppression of microbial respiration due to a 
uniform addition of carbon resulting from unrolling bales causing a temporary imbalance in 
microbial populations after two years.  It would be informative, but was outside of the scope of 
this 2-year study, to collect another set of soil samples from the study site to see how soil 
biological indicators may have changed in each treatment over a longer time period. The uneaten 
(i.e., soiled or wasted) hay left from unrolling hay bales may have shifted the soil C:N ratio 
towards carbon in areas where animals were fed the hay. As the carbon became sequestered as 
organic C, the pool of labile N within the pasture soils may have been reduced.  In a study 
evaluating long-term trends in soil nutrient distributions, Franzluebbers et. al (2019) observed 
zones of greater nutrient concentrations and soil-test biological activity at places where cattle 
frequently congregated.  
The total SNV of the plant-available nutrients, as estimated by SHT, was similar (P > 
0.05) for each treatment before and after winter-feeding hay, although the SNV in the control 
treatment deceased numerically by 6.6%, while SNV for the RF and UF numerically increased 
by 16.7 and 13%, respectively. The SNV of the UF treatment differed (P = 0.024) from that in 
the control treatment in 2017 (Table 9).  Change in SNV reflect an accumulation of nutrient 
value in the soil that was likely due to input from winter-feeding hay.  
 
Correlations between conventional soil testing versus soil health tool 
Pairwise correlation between conventional soil testing and soil health variables resulted 
in numerous significant associations. Across 17 soil variables, 25% of all correlations were 
significant at P < 0.001, 40 % at P < 0.01, and 56% at P < 0.05 (Table 10). One-day-CO2 was 
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weakly negatively correlated with M3-S (P < 0.05; r = -0.35), M3-Cu (P < 0.05; r = -0.39), and 
M3-Mn (P < 0.01; r = -0.51).  Water extractable organic carbon was moderately positively 
correlated (P < 0.001) with M3-K (r = 0.56), M3-Ca (r = 0.58), M3-Mg (r = 0.67), and TN (r = 
0.59) and was moderately negatively correlated (P < 0.001) with M3-Mn (r = -0.72) and M3-S (r 
= -0.62). Similarly, WEON was moderately positively correlated (P < .001) with M3-K (r = 0.70), 
M3-Mg (r = 0.60), and TN (r = 0.58), weakly positively correlated with M3-Ca (P < 0.01; r = 
0.49), and was moderately negatively correlated (P < 0.001) with M3-S (r = -0.57) and M3-Mg 
(r = -0.68).  Finally, SHS was moderately positively correlated with TN (P < 0.001; r = 0.60), 
weakly positively correlated with M3-Mg (P < 0.01; r = 0.46), M3-K (P < 0.05; r = 0.44), and 
M3-Ca (P < 0.05; r = 0.42), and moderately negatively correlated (P < 0.001) with M3-S (r = -
0.50), M3-Mn (r = -0.66), and M3-Cu (r = -0.51). 
Pairwise correlation also showed moderate to strong associations between M3 and H3A 
extractable soil nutrients, along with TN, TP, SOM, and water-extractable N fractions (Table 
11).  Mehlich 3-P was strongly positively correlated (P < 0.001) with TP (r =0.85) and H3A-IP 
(r = 0.83), and moderately positively correlated (P < 0.001) with SOM (r = .56), H3A-P (r 
=0.63), H3A-TP2O (r = 0.64), and H3A-Ca (r = 0.61), and weakly positively correlated (P < 
0.01) with H3A-K (r = 0.45) and H3A-OP (r = 0.45). Similarly, M3-K was strongly positively 
correlated (P < 0.001) with H3A-K (r = 0.91) and WEON (r = 0.70), and moderately positively 
correlated (P < 0.001) with TN (r = 0.57), WEN (r = 0.67), and WEIN (r = 0.67), and 
moderately negatively correlated with H3A-OP (r = -0.60).  Soil organic matter was not 
correlated (P > 0.05) to either 1-day-CO2 or SHS.   
The moderate to strong positive correlations observed in the present study among M3 and 
H3A extractable nutrient concentrations, especially plant-available P and K, were similar to 
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Bavougian et. al (2019) who reported strong correspondence between M3-P and H3A-P, H3A-
OP and H3A-IP (R2 = 0.88, 0.48, and 0.83, respectively), as well as M3-K and H3A-K (R2 = 
0.97), in a study comparing conventional and biological fertility testing methods in Concord, NE 
on a silty clay loam. Furthermore, Bavougian et al. (2019) reported that SOM was not correlated 
with the SHT biological indicators, which was observed in the present study as well.  
 
Forage Nutritional Content, Quantity, and Quality 
Forage properties differed (P < 0.05) among treatment, differed between dates, differed 
between years, differed among treatment-year combinations, and differed among treatment-date 
combinations (Table 12).  Forage properties, averaged across treatments, differed between 
sample dates (Table 12).  The temporal relationship was expected as seasonal variability is 
known to affect forage vitamin and mineral content as a result of changes in plant species 
composition, stage of growth, and changes in soil moisture content (Smith and Loneragon, 
1997). 
Forage Fe, Mn, Zn, and Cu differed among treatment-year combinations (Table 12). 
Mean annual forage-Fe concentration was greater (P < 0.05) for the RF (281 mg kg-1) compared 
to the UF (135.7 mg kg-1) and control (143 mg kg-1) treatments in 2016, while there were no 
differences in forage-Fe concentration among treatments in 2017 (Figure 6). Similarly, mean 
annual forage-Mn concentration, was greater (P < 0.05) for the RF (188 mg kg-1) than for the 
control and UF treatments in 2016, which had concentrations of 150 and 146 mg kg-1, 
respectively, but treatments were not different from one another in 2017.  Mean annual forage-
Mn concentration decreased (P < 0.05) for both the RF and UF treatment from 2016 to 2017, but 
remained unchanged over time for the control treatment (Figure 6).  In addition, mean annual 
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forage-Zn concentrations were lower (P < 0.05) in 2017 for both the control and the RF 
treatments compared to 2016, while the UF treatment was unchanged (Figure 6).  Annual mean 
forage-Cu concentration was lower (P < 0.05) for the UF treatment in 2016 compared to the RF 
and control treatments, and was lower for the RF in 2017, compared to the UF and control areas, 
and the control was unchanged in 2016 and 2017 (Figure 6).  
Forage chemical properties, namely N, Na, and S, differed (P < 0.05) between treatment-
date combinations (Table 12). In March 2016, forage-N concentration in the UF treatment was 
2.98 % on a dry-mass basis, which was 16.9 % greater (P < 0.05) than the control (2.55 %), 
while the N concentration of the RF did not differ (P < 0.05) compared to the control or the UF 
treatments (Table 13). Then, in May of 2017, Forage-N concentration for the control (2.5 %) was 
16.3 % greater (P < 0.05) than the RF (2.15 %), while the UF (2.24%) did not differ from the 
control or the UF (Table 13).  Forage-S concentration was greatest (P < 0.05) for the control 
treatment in July of both 2016 and 2017, while that for the UF and RF treatments did not differ 
(P < 0.05). Forage-N, -Na, and -S concentrations did not differ among any other treatment-date 
combinations.      
The difference in Na may have been due to excess soil-K in the UF and RF areas which 
has been reported to interfere with forage-Na uptake (Dougherty et al., 1995).  Another 
possibility Dougherty et al. (1995) bring up is that some vegetation species are known to 
accumulate Na (e.g., ryegrass, white clover, and Bermuda grass) while others, such as crabgrass, 
red clover, and Timothy grass, do not.  In the present study, white clover, crabgrass, and 
Bermuda were prevalent in both 2016 and 2017 summer vegetation surveys, making up 20.8, 
35.7, and 3.4% of the total populations from both years (Appendix C).   
 
45 
Forage-Ca, -K, and -B concentration differed among treatments (Figure 7).  Forage-K 
concentration was 19.6 % greater (P < 0.05) in the UF (2.36 %) treatment compared to the 
control, while the RF did not differ from either the UF or the control treatment, but was 9 % 
numerically greater than the control (2.0 %; Figure 7).  Forage-Ca concentration in UF (0.72 %) 
and RF (0.73%) treatments were lower (P < 0.05) by 19.7 and 20.1%, respectively, than the 
control (0.91%; Figure 7). Similarly, forage-B concentration was 13.1% lower (P < 0.05) in both 
the RF and UF treatments compared to the control treatment, with concentrations of 9.9, 9.6 and 
13.8 mg kg-1, respectively.   
There was no clear explanation why concentrations of Ca and B were lower in forage 
harvested from the UF and RF paddocks compared to the control. One possibility is that cattle 
avoided grazing the hay feeding treatments for a period of time following hay feeding which 
resulted in less excrement deposition for those areas.  However, soil samples collected from the 
treatment areas in November 2017, following 2 years of winter-feeding hay, did not support this 
conclusion as soil-Ca and -B concentrations did not differ among treatments.  Curiously, there 
was a strongly positive linear relationship between forage-Ca and -B content (P < 0.0001, R2 = 
0.89).  This may have been due to the abundance of legumes growing in the study area, and both 
Ca and B are known to play important roles in leguminous N fixation (Weisany et al., 2013).      
Pasture raised beef cattle depend on quality forage stands for nutritional nourishment.  
Mineral and vitamin nutrient imbalances in consumed forages are known to affect ruminant 
animal health (Masters, 2018; Mayland et al., 2007).  Both B and Ca play important roles in the 
health and well-being of cattle herds.  For instance, supplementing animal feed with B minerals 
has been shown to enhance bone density, wound healing, and embryonic development 
(Abdelnour et al., 2018), while hypocalcemia (i.e., milk fever or blood calcium deficiency) is a 
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common metabolic disorder in cattle that often leads to complications during and immediately 
following labor (Mulligan et al., 2006).  Forage nutrient ratios (i.e., GTR and MFR) were 
calculated to evaluate implications hay-feeding might have on the balance of nutrients contained 
in forage. There were treatment-date combinations that differed (P < 0.05) for the GTR in the 
forage (Table 14), which suggests that feeding hay and the elevated soil potassium levels that 
resulted, may eventually increase the chances of development of grass tetany in susceptible stock 
(older and lactating cattle), if Mg is not supplemented to cattle.  In order to keep soil Mg- and K-
concentration at appropriate levels on areas where hay is fed repeatedly over many years, 
producers may need to apply magnesium mineral and/or make magnesium mineral salts available 
to keep avoid complications due to electrolyte imbalance as suggested by Maryland et al. (2007) 
and Oetzel (1993), or integrate high-magnesium forage cultivars into forage crop mixes as 
suggested by Crawford et al. (1998) and Binnie et al. (1996). 
Dry forage yield for UF was 75.1% greater (P < 0.1) than the control in March 2016 and 
34.8% greater in April 2016, while, in May 2017, the 40.2% difference between the UF and 
control treatment was only numerical (P > 0.1).  For all other treatment-date combinations, DFY 
in RF and the UF treatments did not differ (P < 0.1) from the control (Figure 8). Averaged across 
treatment dates, DFY was 19.3% greater (P = 0.065) in UF compared to the control treatment, 
while that in the RF treatment was only numerically greater (4.8 %; P < 0.1) than the control 
treatment, where total DFY averaged 1262, 1109, and 1058 kg ha-1 for the UF, RF, and C 
treatments, respectively (Figure 8).  
One factor that likely contributed to suppressed forage productivity in the RF paddocks 
was forage stand damage resulting from hoof treading as cattle congregated around hay rings, 
when the soil was overly moist.  Figure 10 demonstrates how dramatic such damage can be, 
 
47 
while Figure 11 illustrates the long-lasting effect of hoof treading around hay rings, which is 
clearly visibly evident nearly a year after such stand damage occurred.  
The forage quality indicators NDF, ADF, TDN, RFV, and CP differed (P < 0.05) among 
treatment-date combinations (Table 12).  Percent NDF concentration of the forage was lower (P 
< .05) for UF (40.4 %) compared the control (48.7 %) and RF (46.0 %) treatments in March 
2016 (Table 15).  In April 2016, NDF was lower (P < .05) for both the UF (39.0 %) and the 
control (38.8 %) treatments compared to the RF (44.4 %) treatment (Table 15).  Furthermore, in 
July 2016, NDF was greater (P < 0.05) for the hay treatments (UF and RF), which did not differ, 
compared to control treatment, which average 56.2, 57.5 and 45.8 %, respectively (Table 15).  
For 2017 sampling dates, NDF was similar (P > 0.05) and averaged 55.5 % among treatments.  
Similarly, ADF was lower (P < 0.05) for UF (23.6 %) than the control (28.8 %) in March 2016, 
while the RF (26.8 %) did not differ from the other treatments (Table 15). In April 2016, RF 
forage had greater (P > 0.05) ADF than the control or UF or the control treatment, which did not 
differ, while, in July 2016, both RF and UF had greater ADF RF treatments, which did not differ, 
while in July 2016 both RF and UF had higher (P < 0.05) percent ADF than the C.  In 2017, 
there were no differences in ADF among treatments (Table 15).    
Percent TDN was greatest for UF forage in March 2016, and greatest for RF in April 
2016, while, in July 2016, TDN was greatest for the C treatment (Table 15). Relative food value 
was larger (P < 0.05) in March of 2016 for UF than for C or RF treatments and larger (P < 0.05) 
for C and UF in April 2016 (Table 15).  In July 2016, both RF and UF treatments had lower (P < 
0.05) mean RFV than control (Table 15).  For 2017 sample dates, RFV did not differ among 
treatments (Table 15).  Crude protein in forage sampled in March 2016 was nearly two-fold 
greater (P < 0.05) for the UF treatment than the control, while the RF was numerically greater 
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than the control by 28% (Table 15).  In May 2017, percent CP was 13.7 % lower (P < 0.05) for 
RF relative to the control, which did not differ from that for the UF treatment (Table 15). Crude 
protein did not differ (P > 0.05) among treatments on any other sample date.   
   
Soil Physical and Hydraulic Properties 
Soil bulk density in the top 10 cm decreased by 4.4 (P = 0.03) and 4.2 % (P = 0.04) for 
the control and UF treatments, respectively, and decreased numerically (P > 0.05) by a nominal 
0.5% for the RF paddocks, from November 2015 and November 2017 (Figure 9).  Furthermore, 
when considering areas within the RF paddocks, bulk density did not differ among spatial 
locations (i.e., RF1, RF2, or RFO; Figure 10).  Additionally, individual overall infiltration rates 
ranged from a minimum of 0.05 mm min-1 for the RF to a maximum of 3.55 mm min-1 for the 
UF treatment.  Overall infiltration rates were greater (P < 0.01) for the UF (1.76 mm min-1) than 
the RF treatment (0.56 mm min-1). All of the three ring-impact locations (i.e., RF1, RF2, and 
RFO) had lower (P < 0.05) infiltration rates than UF treatments.  The mean overall infiltration 
rate in the UF and RF treatments did not differ from that in the control treatment.   
The zones of impact from cattle hoof treading, which occurred directly around the ring 
feeders, resulted in damage to forage stands and the soil surface, especially when soils were 
overly moist.  The damage likely contributed to the observed differences in soil BD and 
infiltration.  Figure 11 shows how extensive the damage to forage stands and soil structure was 
in the more severe cases, when hay bales were fed in ring feeders on wet soils (i.e., after a rain 






This study demonstrates that the act of feeding hay in winter months imports nutrients 
into pasture grazing systems.  In this study feeding hay at a rate of at a rate of 15 Mg ha-1 during 
winter months resulted in nutrient import and accumulation that had measurable impacts on 
nutrient concentration of soil and forage.  Furthermore, the amount of nutrients in the winter-fed 
hay in theory should be sufficient to supply forage crop recommendations, provided even 
nutrient distribution within the pasture is achieved.  Soil K and Mg were shown to have 
increased in hay feeding treatments compared to unamended control areas, and there were also 
changes in SNV, water infiltration, BD, and forage productivity (i.e., DFY) that warrant a closer 
examination of how the practice of feeding hay may impacts pasture dynamics.  In addition, the 
findings of this study show that the manner in which hay is fed had measurable impacts on 
forage productivity, as feeding hay by unrolling bales resulted in a greater DFY compared to 
feeding hay using a bale ring feeder. 
The results of this study suggested that a balance exists between hay waste, which occurs 
from unrolling hay, and soil and forage stand damage which can occur when using a ring feeder, 
especially in adverse climatic conditions, such as above average precipitation causing pasture 
soils to be too wet or period of drought (e.g., soil moisture limits forage growth).  Similar to 
other’s findings, this study shows that when feeding hay to pastured cattle, considerations should 
be made to assure forage mineral and nutrient content are balanced to avoid potentially adverse 
nutritional conditions such as the development of grass tetany, (i.e., hypomagnesemia), as 
paddocks on which hay were fed had significant increases of potassium concentration in both 
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Table and Figures 
 
Table 1. Annual mean nutrient content of mixed-grass hay fed during the winters of 2016 and 
2017 on a fertilizer-equivalent basis†. 
 
Rate N†† P2O5 K2O Ca Mg S 
 _________________________________________kg____________________________________ 
1 bale 5.3 2.3 8.0 1.8 0.9 0.5 
12 bales 63.4 27.3 96.0 21.8 10.2 6.1 
hectare 196.0 84.2 292 71.8 33.7 20.3 
 
†Hay bales weighing on average 374.2 kg (825 lbs.), were fed at a rate of 14.8 Mg ha-1 yr-1 (6.6 
tons acre-1 yr-1) over the course of two winters, December-February, 2015-2017. 
††Abbreviations are as follows: N is nitrogen, P2O5 (phosphate), K2O (potash), Ca (calcium), Mg 





Table 2. Nutrients added to pasture from winter-fed hay on a fertilizer-equivalent basis, 
assuming 30% nutrient retention by cattle†. 
 
Rate N†† P2O5 K2O 
 __________________ kg__________________ 
1 bale 3.7 1.6 5.6 
12 bales 44.4 19.1 67.2 
per hectare 137.2 58.9 207.6 
 
†Nutrient content was determined using nutrient analysis from hay fed during the study at the 
Morrow farm, Washington County, AR. 
















Table 3. Comparison of nutrient content of mixed-grass hay on a fertilizer-equivalent basis†. 
 
Hay Source N†† P2O5 K2O 
 ________________kg______________ 
Hay fed during study 5.3 2.3 8.0 
Washington County, AR 6.6 2.3 7.1 
State of Arkansas 6.2 2.3 6.0 
 
†Nutrient content was determined using mixed-grass averages from the Arkansas Feed Analysis 
Data Base (https://feedanalysis.uaex.edu/feed_analysis_program.asp) and forage nutrient 
analysis from hay fed during study. 




Table 4. Nutrient value in dollars of winter-fed mixed-grass hay†. 
 
Rate N†† P2O5 K2O Ca Total 
 ___________________________$______________________ 
1 bale 4.7 3.5 6.2 0.2 14.6 
12 bales 55.9 42.1 74.1 2.4 174.5 
per hectare 175 132 232 7.5 546.5 
 
† Values based on the following 2017 regional fertilizer price estimates (USD): $0.40, $0.70, 
$0.35. $0.05 lb-1 of N, P2O5, K2O, and Ca, respectively, provided by Dr. Rick Haney, 2018.   









Soil-Test P Soil-Test K Level and Concentration Range (mg kg-1) 
Level Content 
Very Low Low Medium Optimum Above Optimum 
<61 61 - 90 91 - 130 131 - 175 >175 
212 
 mg kg-1 _______________________________kg of N††-P2O5-K2O ha-1_________________________________________________ 
Very Low <16 67-135-179 67-135-100 67-135-67 67-135-45 67-135-0 
Low 16 - 25 67-90-179 67-90-100 67-90-67 67-90-45 67-90-0 
Medium 26 - 35 67-45-179 67-45-100 67-45-67 67-45-45 67-45-0 
Optimum 36 - 50 67-34-179 67-34-100 67-34-67 67-34-45 67-34-0 
Above Opt. >50 67-0-180 67-0-100 67-0-67 67-0-45 67-0-0 
 
† Data derived from University of Arkansas Lime and Fertilizer Recommendations rounded to the nearest whole number (Espinoza et 
al., 2007). 





Table 6. Analysis of variance summary of the effects of treatment (T) and year (Y), and their 
interactions on selected soil physical and chemical properties measured at Morrow farm in 
Arkansas in November of 2015 and 2017. 
 
Soil Property† 
Source of Variation 
Treatment Year Treatment*Year 
 ___________________ P___________________ 
pH NS‡ NS NS 
EC 0.0099 NS .0075 
M3-P NS 0.021 NS 
M3-K 0.0046 <.0001 .0056 
M3-Ca <.0001 0. NS 
M3-Mg NS <.0001 .0265 
M3-S NS <.0001 .0263 
M3-Na NS NS NS 
M3-Fe NS <.0001 NS 
M3-Mn NS <.0001 NS 
M3-Zn NS NS NS 
M3-Cu NS <.0001 NS 
M3-B NS <.0001 NS 
TN NS .0006 NS 
TP NS NS NS 
BD NS .0003 .086 
SOM NS NS NS 
 
† Units and abbreviations are as follows: EC (electrical conductivity), dS m-1; M3 (Mechlich 3 
extractable), P, K, Ca, Mg, S, Na, Fe, Mn, Zn, Cu, B, mg kg-1; TN (total N), TP (total P), mg kg-
1; BD (bulk density), g cm-3; SOM (Soil Organic Matter), percent by weight. 
‡ Effects and interactions that are not significant at the P > .05 level are represented by NS with 
the exception of bulk density (BD) where P < 0.1 was considered significant.      
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Table 7. Analysis of variance summary of the effects of treatment (T) and year (Y), and their 
interactions on selected soil health properties measured at Morrow farm in Arkansas in 



























† Units and abbreviations are as follows: EC (electrical conductivity), dS m-1; P, K, Ca, Mg, S, 
Na, Fe, Mn, Zn, Cu, B, Mehlich-3 extractable, mg kg-1; TN (total N), TP (total P), mg kg-1; BD 
(bulk density), g cm-3; SOM (Soil Organic Matter), percent by weight; Nneeded (nitrogen crop 
needs), P2O5need (phosphate crop needs), K2Oneed (potash crop needs), lbs. acre-1; SNV (soil 
nutrient value), USD dollars acre-1; SHC (soil health calculation)  
‡ Effects and interactions that are not significant at the P > .05 level are represented by NS (i.e., 
P > 0.05).   
Soil Health 
Property† 
Source of Variation 
Treatment Year Treatment*Year 
 ______________ P______________ 
H3A-N 0.037 <.0001 NS 
H3A-P2O5 NS‡ <.0001 NS 
H3A-K2O 0.012 0.002 .014 
H3A-NO3 0.037 0.002 NS 
Nneeded NS <.0001 NS 
P2O5needed NS <.0001 NS 
K2Oneeded 0.009 0.003 .006 
SNV NS 0.038 .024 
1-d-CO2-C NS 0.001 0.022 
WEOC NS <.0001 NS 
WEON NS <.0001 NS 
SHC NS <.0001 0.046 
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Table 8. Summary of select mean soil properties, before and after two years of winter-feeding 




†   Units and abbreviations are as follows: M3 (Mehlich-3), H3A (weak organic acid extractant);  
B (boron), Ca (calcium), Cu (copper), Fe (iron), MN (manganese), P (phosphorus), TN (total 
nitrogen), mg kg-1; bulk density (BD), g cm-3; N (nitrogen), P2O5 (phosphate), NO3 (nitrate), 
Nneeded (nitrogen crop needs); P2O5needed (phosphate crop needs), kg ha-1; WEOC (water 
extractable organic carbon), and WEON (water extractable organic nitrogen), ppm.   
‡   Within a row soil property means followed by the same letter are not significantly different 





M3-B 0.086a 0.33b 
M3-Ca 764a 922b 
M3-Cu 3.96a 2.48b 
M3-Fe 171a 126b 
M3-Mn 183a 92b 
M3-P 31.2a 26.8b 
TN 1068a 1386b 
BD 1.30a 1.26b 
H3A-N 36.2b‡ 59.7a 
H3A-P2O5 22.6a 6.6b 
H3A-NO3 14.6b 20.3a 
Nneeded 109a 85.3b 
P2O5needed 31.6b 47.6a 
WEOC 149b 206a 
WEON 19.0b 26.2a 
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Table 9. Summary of select soil health tool properties, before and after two years of winter-




Control Ring Unroll 
2015 2017 2015 2017 2015 2017 
1-day-CO2 23.7b‡ 63.0a 22.8b 60.7a 53.1a 49.4a 
WEOC 153b 211a 145b 198a 149b 209a 
WEON 19.0b 24.8a 18.7b 25.8a 19.2b 27.9a 
C:N 8.0 8.5 7.8 7.7 7.8 7.5 
SHS 7.3b 13.0a 7.0b 12.5a 10.2a 11.9a 
H3A-K2O 44.4b 39.6b 45.1b 63.8a 43.5b 75.1a 
SNV 36.3bc 33.9c 35.9bc 41.9abc 44.7ab 50.5a 
 
†   Units and abbreviations are as follows: 1-day-CO2 (24 hr. microbial respiration estimated 
using Solvita, ppm; WEOC (water extractable organic carbon), ppm; WEON (water extractable 
organic nitrogen), ppm; C:N (organic carbon to organic nitrogen ratio; SHS (soil health score), 
K2O (potash), lbs. acre-1; SNV (soil nutrient value), USD per ha-1.  
‡   Within a row soil property means followed by the same letter are not significantly different 




Table 10. Correlation matrix among soil properties from 148 samples collected at the Morrow Farm in northwestern Arkansas. 
 
† Units and abbreviations are as follows: pH (–log[H+]), EC (electrical conductivity), dS m-1; BD (bulk density), g cm-3; H3A (weak 
organic acid extractant); N (nitrogen), lbs. acre-1), P2O5 (phosphate), lbs acre-1; NO3 (nitrate), lbs. acre-1; WEOC (water extractable 
organic carbon (ppm), and WEON (water extractable organic nitrogen), ppm. 
‡ *, **, or ***, indicates a significance at P ≤ .05, .01, or .001, respectively. NS is not significant. 
 
 |- - - - - - - - - - - - - - - - University of Arkansas Soil Test Lab - - - - - - - - - - - - - - -- - - - - - - | | - - - Soil Health Tool - - - | 
Soil Property pH EC M3-P M3-K M3-Ca M3-Mg M3-S M3-Mn M3-Zn M3-Cu SOM TP TN 1 Day CO2 WEOC WEON SHC 
pH 1.0 NS .41 NS .56 . NS NS .37 .46 .57 NS NS NS NS NS NS NS 
EC NS 1.0 .40 .60 NS NS NS NS .44 NS NS .39 NS NS NS NS NS 
M3-P * * 1.0 NS NS NS .43 NS .86 .59 .57 .85 NS NS NS NS NS 
M3-K NS *** NS 1.0 .44 .52 NS -.48 NS -.47 NS .35 .57 NS .56 .70 .44 
M3-Ca *** NS NS * 1.0 .81 -.44 -.38 .47 NS NS NS .49 NS .58 .49 .42 
M3-Mg NS NS NS ** *** 1.0 -.61 -.65 NS -.40 NS NS .50 NS .67 .60 .46 
M3-S NS NS * NS * *** 1.0 .83 NS .70 .49 NS -.43 -.35 -.62 -.57 -.50 
M3-Mn * NS NS ** * *** *** 1.0  NS .83 .44 NS -.44 -.51 -.72 -.68 -.66 
M3-Zn ** * *** NS ** NS NS NS 1.0 .51 .53 .80 .43 NS NS NS NS 
M3-Cu *** NS *** ** NS * *** *** ** 1.0 .52 .35 NS -.39 -.53 -.58 -.51 
SOM NS * *** NS NS NS ** * ** ** 1.0 .69 .34 NS NS NS NS 
TP NS * *** * NS NS NS NS *** * *** 1.0 .52 NS NS NS . NS 
TN NS NS NS *** ** ** * * * NS NS ** 1.0 .46 .59 .58 .60 
1Day CO2 NS NS NS NS NS NS * ** NS * NS NS ** 1.0 .47 .43 .93 
WEOC NS NS NS *** *** *** *** *** NS ** NS NS *** ** 1.0 .94 .74 
WEON NS NS NS *** ** *** *** *** NS *** NS NS *** * *** 1.0 .70 




Table 11. Pairwise correlations between soil properties from conventional (University of Arkansas Diagnostics Laboratory) and 
biological (Haney Soil Health Tool, U.S. Department of Agriculture-Agricultural Research Service, Grassland, Soil and Water 
Research Laboratory) soil samples (n =148) collected at the Morrow Farm in Washington County Arkansas, Nov 2015 and 2017.   
 
† Units and abbreviations are as follows: M3 (Mehlich 3) P (phosphorus), K (potassium), Ca (calcium), mg kg-1; SOM (soil organic 
matter; % by weight); H3A (weak organic acid extractant (Haney et.al, 2006), WE (water extractable), N (nitrogen). IO (inorganic 
nitrogen), ON (organic nitrogen), IP (inorganic phosphorus), OP (organic phosphorus), T-P2O (total phosphate), lbs acre-1.   
‡ *, **, or ***, indicates a significance at P ≤ .05, .01, or .001, respectively. NS is not significant.  

















M3-P 1.0 NS NS 0.56 0.85 NS NS 0.63 0.37 NS NS 0.64 0.83 0.45 0.61 
M3-K NS 1.0 0.44 NS 0.35 0.57 0.67 -0.40 0.91 0.67 0.70 -0.40 NS -0.60 NS 
M3-Ca NS ** 1.0 NS NS 0.49 0.50 NS NS NS 0.49 NS NS -0.40 NS 
SOM *** NS NS 1.0 0.69 NS NS 0.48 NS NS NS 0.52 0.54 0.45 0.47 
TP *** * NS *** 1.0 0.52 NS 0.39 0.50 0.41 NS 0.36 0.62 NS 0.36 
TN NS *** ** NS ** 1.0 0.67 NS 0.49 0.49 0.57 NS NS -0.50 NS 
WEN NS *** ** NS NS *** 1.0 -0.40 0.49 0.79 0.88 -0.60 NS -0.70 NS 
H3A-P *** ** NS ** ** NS ** 1.0 NS NS -0.50 0.92 0.87 0.83 0.91 
H3A-K ** *** NS NS ** ** ** NS 1.0 0.64 0.53 NS NS - NS NS 
WEIN NS *** NS NS ** ** *** NS *** 1.0 0.67 NS NS -0.40 NS 
WEON NS *** ** NS NS *** *** ** ** *** 1.0 -0.60 NS -0.70 -0.40 
H3A-TP2O *** ** NS ** ** NS *** *** NS NS *** 1.0 0.84 0.96 0.82 
H3A-IP *** NS NS ** *** NS NS *** NS NS NS *** 1.0 0.66 0.83 
H3A-OP ** *** ** * NS ** *** *** NS ** *** *** *** 1.0 0.71 




Table 12.  Summary of the analysis of variance effects of treatment, year, and date, and their 
interactions on selected forage nutrient concentrations and forage quality properties measured at 




Source of Variation 
Treatment Year Date Treatment*Year Treatment*Date 
 _____________________________________ P____________________________________ 
N NS‡ NS <.0001 NS 0.0424 
P NS 0.0029 <.0001 NS NS 
K 0.0013 0.0471 <.0001 NS NS 
Ca <.0001 0.0088 <.0001 NS NS 
Mg NS <.0001 <.0001 NS NS 
S 0.0033 NS 0.0056 NS <.0001 
Na <.0001 NS <.0001 NS 0.001 
Fe NS NS 0.0016 0.006 NS 
Mn 0.0243 <.0001 0.019 0.048 NS 
Zn 0.0007 0.0002 <.0001 0.026 NS 
Cu NS NS <.0001 0.018 NS 
B <.0001 <.0001 <.0001 NS NS 
Fe NS <.0001 <.0001 NS NS 
DFY 0.065 <.0001 <.0001 NS 0.094 
CP NS NS <.0001 NS 0.042 
ADF NS <.0001 <.0001 NS 0.023 
NDF 0.0072 <.0001 <.0001 NS 0.0006 
TDN NS <.0001 <.0001 NS 0.016 
RFV 0.0153 <.0001 <.0001 NS 0.0005 
 
† Units and abbreviations are as follows: N, P, K, Ca, Mg, S, percent; Na, Fe, Mn, Zn, Cu, B, mg 
kg-1; DFY (dry forage yield), kg ha-1; CP (crude protein), ADF (acid detergent fiber), NDF 
(neutral detergent fiber), TDN (total digestible nutrients), percent; and RFV (relative feed value). 






Table 13. Least-square means (P < 0.05) treatment by sample harvest date interactions for select 





 Treatment  
Date Control Ring Unroll 
March 2016     
 N 2.55bcd‡ 2.74ab 2.98a 
 Na 96.9c 97.8c 125.6bc 
 S 0.203bcde 0.215bc 0.228ab 
April 2016     
 N 2.49bcde 2.34fed 2.48bcde 
 Na 136bc 125bc 110bc 
 S 0.195cdef 0.193efd 0.203bcde 
July 2016     
 N 2.09fgh 1.99gh 1.86h 
 Na 582a 115bc 115bc 
 S 0.248a 0.175fg 0.160g 
May 2017     
 N 2.50bcde 2.15fg 2.24efg 
 Na 157bc 96.9dc 95.2c 
 S 0.200cde 0.197cde 0.195cdef 
July 2017     
 N 2.48bcde 2.44cde 2.65ac 
 Na 472a 188b 143bc 
 S 0.210bcd 0.194ef 0.180efg 
 
† Units and abbreviations are as follows: N (nitrogen, % dry forage weight); Na and S, mg kg-1. 
‡ Means within a row, and among same variable irrespective to date, with unlike superscripts 





Table 14. Least-square means table, using Tukey’s HSD with significant level of P < 0.05, for 
treatment by forage harvest date means for select forage chemical composition in milliequivalent 






† Units and abbreviations are as follows: K (potassium), Ca (calcium) and Mg (magnesium), 
mEq kg-1. Gras tetany ratio (GTR) is calculated as K divided by the sum of Ca and Mg in mEq 
kg-1. Milk fever ratio (MFR) is calculated as Ca divided by P both in mEq kg-1 (Oetzel. 1993).    
‡ Means within a row, and among same variable irrespective to date, with unlike superscripts 
differ (P < 0.05). 
Date Forage Property† Control Ring Unroll 
March 2016     
 K 458 559 646 
 Ca 353 293 297 
 Mg 119 122 117 
 P 164 190 200 
 GTR 0.97c 1.34b 1.57a 
 MFR 2.18def 1.58g 1.49g 
April 2016     
 K 545 579 696 
 Ca 407 296 324 
 Mg 152 125 130 
 P 180 178 198 
 GTR 1.0c 1.38ab 1.53ab 
 MFR 2.27de 1.68fg 1.65efg 
July 2016     
 K 469 460 447 
 Ca 606 433 372 
 Mg 191 194 173 
 P 182 163 163 
 GTR 0.62e 0.74de 0.83cde 
 MFR 3.47a 2.68bcd 2.29cde 
May 2017     
 K 519 581 603 
 Ca 364 290 313 
 Mg 160 147 152 
 P 203 209 219 
 GTR 1.0c 1.35b 1.31ab 
 MFR 1.80efg 1.38g 1.43g 
July 2017     
 K 537 558 631 
 Ca 544 490 494 
 Mg 226 216 239 
 P 173 175 186 
 GTR 0.71de 0.80cde 0.88cd 
 MFR 3.21ab 2.80bc 2.67bcd 
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Table 15. Forage quality parameters as affected by winter feeding hay in 2016 and 2017. Data 
are reported by sample date due to a significant date * treatment interaction (P < 0.05). 
 
Date Forage properties† Control Ring Unroll 
March 2016     
 NDF 48.7bc‡ 46.0c 40.4de 
 ADF 28.8cd 26.8de 23.6fe 
 TDN 62.9bc 65.1ab 68.3a 
 RFV 127cd 139c 163ab 
 CP 15.4f 19.7ef 31.1e 
April 2016     
 NDF 38.8e 44.4cd 39.0e 
 ADF 23.7ef 27.7d 22.5f 
 TDN 66.3ab 62.9cb 67.1ab 
 RFV 169a 145bc 170a 
 CP 74.4cd 58.6d 103bc 
July 2016     
 NDF 45.8c 56.2a 57.5a 
 ADF 33.4bc 39.3a 40.3a 
 TDN 57.8d 53.3ef 52.1f 
 RFV 129c 98e 94e 
 CP 135b 118bc 126b 
May 2017     
 NDF 53.7ab 55.5a 56.6a 
 ADF 33.5bc 34.5b 36.6ab 
 TDN 59.4cd 57.3d 56.2de 
 RFV 109de 104e 99.3e 
 CP 264a 249a 331a 
July 2017     
 NDF 53.9ab 56.9a 56.4a 
 ADF 39.2ab 40.6a 39.8a 
 TDN 55.2def 54.2ef 55.5def 
 RFV 102e 94.4e 96.0e 
 CP 302a 337a 333a 
 
† Units and abbreviations are as follows: CP (crude protein), kg ha-1; ADF (acid detergent fiber), 
NDF (neutral detergent fiber), TDN (total digestible nutrients), percent by dry weight; and RFV 
(relative feed value), index value. 
‡ Means within a row, and among same variable irrespective to date, with unlike superscripts 




Figure 1. Study layout showing randomized complete block (RCB) design, treatments unroll fed 
(UF), ring fed (RF), and control (C), and vicinity map with yellow stars depicting the location of 
experiment within Washington County and the state of Arkansas, USA. Source: Environmental 
Systems Research Institute, U.S. Department of Agriculture-NRCS, U.S. Geological Survey, and 





Figure 2. Climatic data (i.e., precipitation and temperature) for Fayetteville, AR, reported as 
averages based on daily records for 2015, 2016, 2017, and 30-yr monthly average (National 
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Figure 3. Study layout showing hay feeding layout, soil sampling, and forage sampling locations 
at the Morrow farm in Washington County and the state of Arkansas, USA. 
 
 









Figure 4. Grid line intersect species polyvinyl chloride survey square used to survey plant 













Figure 5. Soil electrical conductivity (EC) and Mehlich-3 (M3) extractable potassium (K), 
magnesium (Mg), and sulfur (S) concentrations in the 0 to 10 cm depth, averaged across 
treatment by year, at the Morrow farm in November 2015 and 2017.   
†Means with the same letter within each year and treatment interaction are not significantly 




















































































Figure 6. Forage nutrient contents among treatment-year combinations, at the Morrow farm in 
2016 and 2017.  Means with the same letter within each region are not significantly different at P 
< 0.05. 
†Means with the same letter within each year and treatment interaction are not significantly 



















































































































Figure 7. Mean treatment forage values, for calcium (Ca), potassium (K) and boron (B) 
averaged across years. Treatment groups with the same letter above the bar are not significantly 






Figure 8. A) Mean dry forage yield treatment (i.e., control [C], ring fed [RF], and unroll fed 
[UF]) by harvested date interaction and B) aggregated mean dry forage yield production by 






















C RF UF C RF UF C RF UF C RF UF C RF UF











































Figure 9. Mean bulk density (g cm-3) by treatment, measured before and after (i.e., 2015 and 
2017) two winters of feeding hay using two management strategies (i.e., unroll feeding [UF], 
using ring feeders [RF], ring feeder year 1 [RF1], ring feeder year 2 [RF2], and outside ring 
impact zone [RFO]).  
†Percent change over time. 




Figure 10. The rate of total infiltration as measured using a double ring infiltrometer, averaged 
by treatment (i.e., unroll feeding [UF], control [C], ring feeder year 1 [RF1], ring feeder year 2 
[RF2], and outside ring impact zone [RFO]), at the Morrow farm April 2017. 
































































Figure 11.  Picture taken by author on 21 January 2016 of an approximate 30-m diameter impact 
zone immediately around a ring feeder caused by hoof treading on moist soil as cows congregate 








Figure 12.  Multispectral vegetation indices derived from aerial imagery taken on 20 November 
2016 (left) 11 months after feeding hay and 19 May 2017 (right) 3 months after feeding hay, 
illustrating the lasting impact ring feeder can have on forage stands. Circular hay ring impact 
areas towards the center of the images have very low normalized difference vegetation index 
values representing little to know forage. The image on the right ring impact areas are less 
pronounced, but similarly to the recently strip grazed to the upper and far right, there is an 
obvious lack of forage growth. 














Use of Canopy Reflectance to Assess Forage Attributes in a  




Accurate assessment of forage productivity, nutrient concentration, and overall forage 
quality are critical components for successful grazing production systems. Conventional 
methods, such as destructive sampling and plant tissue analysis, are expensive and labor 
intensive. Remote sensing offers in appealing means for providing nondestructive, synoptic 
views of forage stands.  The objective of this study was to evaluate and compare the relationship 
between remotely sensed spectral reflectance indices and forage biophysical properties, using a 
variety of imagery sensors at varying spatial and spectral resolutions.  Pairwise correlation using 
Pearson, Spearman, and Kendall goodness-of-fit tests were used to compare how well canopy 
reflectance corresponded with forage biophysical properties from mechanically harvested 
reference samples. It was hypothesized that the best correspondence would occur with the greater 
spatial resolution unmanned aerial vehicle imagery due mainly to the benefit of radiometric 
calibration on the day of acquisition. Forage samples were collected for the winter hay feeding 
study (Chapter 2 of this thesis) as ground reference samples. Imagery-derived vegetation indices 
from satellites, a UAV mounted multispectral camera, two single-lens reflex cameras, and a 
handheld crop sensor were compared.  Forage properties evaluated included dry forage yield, 
macro-mineral concentration, dietary fiber composition, total digestible nutrients, and relative 
food value.  There were strong positive linear correlations (P < 0.001) among sensors.  
Derivatives from satellites (i.e., Landsat-8 and Sentinel-2), an unmanned aircraft system (UAS), 
and a handheld crop sensor had coefficient of correlations (r) ranging from 0.88 to 0.99 for the 
satellites, 0.64 to 0.98 for the UAS, and 0.65 to 0.89 for the handheld crop sensor.  Pooling data 
on a seasonal basis (i.e., spring or summer), resulted in stronger correlations than did using 
individual sample dates or aggregating all data together. Dry forage yield, was strongly 
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correlated with seasonally combined satellite (i.e., Landsat 8 and Sentinel 2) datasets, with 
coefficients (r) ranging from 0.91 to 0.95 for spring and 0.82 to 0.94 for summer derivatives.  
Percent forage Mg, P, ADF, and NDF had stronger correspondence (P < 0.001) with datasets 
collected during spring growth, while percent N was more strongly correlated with derivatives 
from summer imagery.  Overall, the medium- and moderate-resolution satellite data offered the 
most dependably strong and positive correlations.  However, the strong agreement between 
sensors from varying spatial resolutions, suggests the possibility for integrating variety of 
sensors into forage monitoring efforts, incorporating multiple data sources to build informative 




In Arkansas, forage production is estimated to contribute over one billion dollars 
annually to the economy, while utilizing more than 16% of the states land area (U.S. Department 
of Agriculture-National Agricultural Statistics Service, 2017; U.S. Department of Agriculture-
National Resources Conservation Service, 2019).  Consequently, forage management decisions 
can have significant impact on herd performance, producer profitability, and the environment.  
Matching animal stocking rates with forage productivity and nutritional quality is fundamental 
for successful grazing programs (Suzuki et al., 2012; Virkajärvi, 1999).  Yet, conventional 
methods for estimating forage biophysical characteristics are both labor intensive, time 
consuming, destructive, and inaccurate (Ali et al., 2016).  
The establishment of regulations governing small unmanned aerial vehicles (UAVs; i.e., 
drones), coupled with innovative developments in UAV technology resulting in lighter, smarter, 
and cheaper drones (Bacco et. al., 2018), has reinvigorated interest in using remote sensing to 
retrieve biophysical characteristics of growing plants (Xue & Su, 2017).  Moreover, cloud 
computing has given mobile devices, such as tablets and cell phones, access to powerful super 
computers, creating novel opportunities to utilize publicly available satellite imagery to derive 
actionable data to better make well-informed crop management decisions.   
The nutritional content of forage is dependent upon the ratio and concentration of 
carbohydrates, proteins, and lipids (Capstaff & Miller, 2018).  Many studies have demonstrated 
ways that remote sensing techniques can be useful for resource management by providing 
synoptic and actionable information to decision makers (e.g., producers, researchers, and crop 
consultants) about crop growth characteristics.  Recently, researchers have used remotely sensed 
spectral data to derive vegetation indices (VIs) to estimate crude protein (CP) and neutral 
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detergent fiber (NDF) content of forage (Lugassi et. al, 2019); estimate biomass and percent 
groundcover (Sumua et. al., 2015); optimize nitrogen (N) application rates to improve grain 
yields for winter wheat (Triticum aestivum; Chapungu et al., 2020); estimate total above and 
below ground carbon stock in grasslands (Psoma et. al. 2011); identify disease or pest outbreaks 
(Calderón et al., 2014); assess spatial and temporal in-field variability of forage quality (Insua, et 
al., 2019); identify weed species, determine crop injury from dicamba at different doses, and 
detect naturally growing glyphosate-resistant weeds (Huang et. al., 2018); and, estimate 
macronutrient content of forage tissues in grasslands (Munyati, et. al., 2020).  However, 
uncertainty exists as to which platform and imagery sensor combinations provides the best 
balance between affordability, efficiency, and accuracy.  
There is growing consensus among the scientific community that climate conditions are 
changing in ways that will likely adversely impact agricultural production for years to come 
(Intergovernmental Panel on Climate Change, 2019).  Implementing more diverse and resilient 
cropping systems will play an important role in safeguarding global food security by hedging 
cropping choices to fortify against natural setbacks caused by extreme weather events, such as 
flooding or drought (Roesch-McNally et al., 2018; Sibhatu et al., 2015).  For grazing production 
systems, this may entail moving away from mono- or bi-cropping systems towards multi-species 
stands.  The idea being that more diverse forage stands may act as a buffer against productivity 
losses that may occur for a susceptible species as other species, more apt to withstand 
inhospitable growing conditions, are mixed into the cropping system (Lin, 2011). 
Species diversity, as related to forage crops, presents both a challenge and an opportunity 
with regards to remote sensing.  While the literature is replete with remote sensing studies 
evaluating biophysical characteristics associated with the production of monocrops, studies that 
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explore the relationship between mixed-species forage crops using multiple spectral derivatives 
are more limited.  The objective of this study was to evaluate a multi-species forage pasture in 
northwest Arkansas using multiple image sensors at spatially and temporally varied resolutions 
and to compare the relationships between derived canopy reflectance indices and pasture forage 
biophysical attributes.  Using correlation and linear regression analyses, the accuracy at which 
each system is able to relate to and predict in situ nutritional content, quality, and dry forage 
yield was also compared. This study hypothesized that radiometrically calibrated sensors with 
greater spatial resolutions (i.e., GreenSeekerTM and Parrot SequoiaTM) would result in more 
robust linear relationships, followed by satellite imagery (i.e., S2 and L8), while the consumer 
grade, non-radiometrically calibrated SLR cameras (i.e., CM2 and N2) would result in weaker 
relationships as determined by goodness of fit using linear correlation and regression analysis. 
  
Materials and Methods 
Site Description  
The present study conducted on a privately-owned pasture-raised beef farm in northwest 
Arkansas (36°04'N, 94°25’W; 360 m elevation; Figure 1) and coincided in time and location as 
the winter-hay feeding study described previously in Chapter 2 of this thesis.  Soils in the 3.6-ha 
study area are mapped as 21 % Captina silt loam, 3 to 8 % slopes; 20.3 % Johnsburg silt loam, 0 
to 2 % slopes; 26.7 % Pembroke silt loam, 1 to 3 % slopes; and 31.9 % Pembroke gravelly silt 
loam, 3 to 8 % slopes, eroded (U.S. Department of Agriculture-Natural Resource Conservation 
Service, 2020).  All four soils are classified as having a fine-silty family particle-size class and 
active clay activity class.  Appendix A contains detailed taxonomic descriptions and fractional 
extents of the soils encountered at the study site. The mean surface slope of the study area was 
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2.9 %, ranged from 0.7 to 9.7 %.   
 
Climatic Conditions 
The climate at the location is sub-temperate with a mean annual air temperature of 14.6 
°C (58.2 °F), with monthly means ranging from a minimum of -3.2 °C in January to a maximum 
of 31.8 °C in August (National Oceanic and Atmospheric Administration, 2018).  The 30-yr 
mean annual precipitation at the study site is 115.6 cm (45.5 inches), which occurs primarily as 
rainfall, with greatest monthly totals falling between March and May, while August is typically 
the driest month (National Oceanic and Atmospheric Administration, 2018). 
During the study period (i.e., November 2015 to December 2017), the rainfall distribution 
deviated from the 30-yr average with above-averages rainfall occurring from November through 
December 2015, April through June 2016, and in August 2017 (Figure 2).  In contrast, rainfall in 
2016 was 29% lower than the 30-yr annual average, with totals for every month, with the 
exception of August, falling below the 30-yr normal (Figure 2). Air temperature trended closely 
to the 30-yr annual means, although January to May 2017 was warmer than average and was 
followed by a cooler-than-average summer in 2017 (Figure 2).  
 
Forage Management 
During winter months of 2015, 2016, and 2017, 46 red Angus (Bos taurus) cow-calf pairs 
and a bull were fed hay on a 3.6-ha pasture that was subdivided into 0.3-ha paddocks.  The study 
used a randomized complete block design, consisting of three treatment paddocks replicated in 
four blocks (Figure 1). Treatments imposed on the pastures included two methods of winter-
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feeding hay and a control (C) area where no hay was fed.  The methods of winter-feeding hay 
were 1) unroll fed (UF) round bales with a tractor implement and 2) using an open-top round-
bale, ring feeder (RF).  Other than the nutrients imported as winter-fed hay and recycled post 
consumption via animal waste, treatments paddocks received no additional nutrient inputs outside 
of naturally occurring process such as rain, carbon sequestration, and leguminous N fixation.  
Mixed-grass hay bales were fed December through February during the 2015 to 2017 
winters.  In total, 192 round bales (~374 kg each) were fed at a rate of 2 bales d-1 (or 14,795 kg 
ha-1yr-1). In the RF treatment, hay-ring feeder placement was demarcated using pin flags and paint 
at the beginning of each hay feeding using a predetermined grid of georeferenced points (Figure 
3).  In the UF treatment areas, a tractor-mounted, 3-point, bale-unroller implement was used to 
unroll bales and each bale fed was unrolled at a new location within the treatment, carpeting the 
area until the treatment paddock was completely covered.  Starting in the northwest corner of the 
study area, bales were fed, alternating daily between UF and RF treatments until 24 bales were 
fed per block, moving clockwise through the blocks until all hay-feeding treatments were 
imposed.  The feeding process took approximately 48 days each winter. The same strategy was 
used again during the 2016-2017 winter, though ring-feeding locations were staggered from the 
first year within RF treatments for more uniform distribution of nutrients (Figure 3).   
 
Pasture Vegetation Reference Samples Collection and Analysis 
Forage reference samples were collected from subplots within treatment paddocks in five 
campaigns during the study period.  Four sample locations per grazing paddock (n = 48) were 
harvested using a grid of predetermined GPS locations (Figure 3).  During the second growing 
season, two additional locations were added to each of the RF paddocks (Figure 3) in order to 
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balance forage estimates among three distinct areas within the ring treatment paddocks in a 
concurrently conducted winter-feeding hay study as described in Chapter 2 (i.e., outside of ring 
area [RFO], year 1 rings [RF1], and year 2 rings [RF2]).   
A survey of forage species composition and distribution was conducted at the study site 
in mid-July each year, using a point-intercept method similar to Goodall (1953, 1951). Figure 4 
shows the polyvinyl chloride (PVC) frame with a nylon string grid used to survey forage species 
present during the warm growing season. At each string intersection, a pen was held 
perpendicular to the ground and first plant or ground cover (i.e., bare soil, manure, or mulch) 
contacted was recorded. If the identity of a plant was unknown, a picture, or in a few cases a 
specimen from outside the sample area, was collected and experts at identifying flora of 
Arkansas were consulted for a positive plant identification.  
In-situ canopy spectral reflectance measurements and images were collected on or before 
each forage sample collection date.  After canopy reflectance was measured, forage was 
harvested by mowing a 0.57- x 3.5-m swath at a stubble height of 0.10 m above the soil surface, 
using a bagging, self-propelled mower (Figure 5).  Each forage sample was immediately 
collected from the mower bag and placed in large, sealed plastic bags and placed on ice in 
coolers at an approximate temperature of 4 °C for storage.  At the end of each day, fresh samples 
were weighed and then placed in a forced-air drying room at ~55 °C for 48 to 76 hours and dried 
until constant moisture in paper bags.  After drying, samples were weighed to determine dry 
forage yield (DFY), ground to pass through a 2-mm screen, and submitted to the Arkansas 
Agricultural Diagnostic Laboratory (Fayetteville, AR) for forage nutrient concentration and 
quality analyses.  
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Crude protein (CP) was determined using total percent N by combustion using Elementar 
Rapid N III (Association of Official Analytical Chemists, 1990b). Acid and neutral detergent 
fiber (ANDF) content was determined using Ankom digestion (Association of Official 
Analytical Chemists, 1990b; Van Soest et al., 1991).  Percent mineral nutrient content (i.e., P, K, 
B, Ca, Cu, Fe, Mg, Mn, S; and, Zn; as mg kg-1) by digestion with HNO3 and analysis by ARCOS 
ICP spectrometer (Jones & Case, 1990). Total digestible nutrients (TDN) were determined using 
the following Equation [1]:  
TDN = 73.5 + 0.62(%CP) − 0.71(%ADF)  [1] 
where % CP was the percent crude protein in the dry matter and %ADF was the percent acid 
digestible fiber in the dry matter. Relative feed value (RFV) was determined using the following 
Equation [2]: 
RFV = DDM ×DMI
1.29
      [2] 
where DDM was the digestible dry matter and DMI was dry matter intake (Ball et al., 2002). 
 
Biodiversity of Pasture Vegetation  
To evaluate the relationship between species distribution and canopy reflectance, species 
diversity was determined in mid-July of both study years using the Shannon-Wiener Index (H’) 
and Simpson’s Index (D) (Magurran, 1988) calculated using Equations [3] and [4], respectively: 
 H′ = −∑𝑝𝑝𝑖𝑖 ln 𝑝𝑝𝑖𝑖       [3] 
where pi was the proportion of individuals present in species i; and,   
D = 1 − ∑𝑛𝑛𝑖𝑖(𝑛𝑛𝑖𝑖−1)
𝑁𝑁(𝑁𝑁−1)
       [4] 
where n was the total number of organisms of a particular species and N was the total number of 
organisms of all species.  
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Surface Reflectance Derivatives Using a Digital, Single-lens Reflex Camera  
Prior to harvesting forage reference samples in 2016, conventional imagery was collected 
using two, digital, single-lens reflex (SLR) cameras. The cameras were a Canon 5D Mark II 
(CM2) equipped with a 50-mm, fixed-lens solution (2008, Tokyo, Japan) and a Nikon D200 
(ND200) equipped with a 28-mm Nikkor lens (2005, Tokyo, Japan) modified to capture infrared 
light using a 720-nm wavelength filter.  Both SLR cameras were used to collect over-lapping 
images at 48 different forage plots (2 m2) by affixing to a camera-track rig mounted to an 
elevated aluminum frame and positioned to capture images in the nadir position from a height of 
2 m (Figure 6).  Ringed, automated detection (RAD) targets were affixed to the frame at 
predetermined locations relative to the stand.  The RAD targets were used as ground control 
points (GCPs) and photogrammetric tie points to assist in aligning and scaling images for 
geometric accuracy.  
Images were color corrected using Adobe Photoshop version CS 3.0 (Adobe Inc., San 
Jose, CA) using white and grey 15% color reference cards that were affixed on the plot frame in 
order to normalize variations in color hue under changing lighting conditions.  The pictures from 
each plot photo series were stitched together to create orthomosiac images and digital elevation 
models (DEMs) using Metashape Pro (v1.5; Agisoft, 2018).  Camera sensor and platform 
combinations, channel color bands, ground sample distance (GSD), and VIs in this study are 
listed in Table 1.  Color bands were exported in .tiff file format and then georeferenced using 
ArcMap (ESRI, 2017). Crop canopy reflectance derivatives (i.e., vegetation indices) were then 
calculated on a per pixel basis using Raster Calculator in ArcMap (ESRI, 2017). Fractional green 
canopy cover (FGCC) was also estimated using the using the Canopeo (Patrignani & Ochsner, 
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2015) plugin for MATLAB (2018).  Table 2 lists spectral reflectance bands, VIs, and VI 
equations used to analyze vegetation plot imagery. 
 
Surface Reflectance Derivatives Using GreenSeekerTM and Parrot SequoiaTM 
During the 2017 growing season, an unmanned aerial system (UAS) was used to acquire 
multispectral imagery of the study site. Prior to imagery acquisition, five GCPs were equally 
distributed across the study area before each flight (Figure 7). The location of each GCP was 
recorded using a Trimble GeoXH GNSS unit equipped with a Zephyr antenna (Sunnyvale, CA). 
A horizontal accuracy of 0.11 m was achieved after post-processing corrections using the 
National Geodetic Survey’s Online Positioning User Service (Soler, 2011; Wang, 2013).  A 
Parrot Sequoia (Paris, France) multispectral sensor mounted to a 3DR Solo (Berkeley, 
California) UAS, shown in Figure 7, was flown at a height of 100 m above ground level (AGL). 
Multispectral images were acquired at a GSD of 9.55 cm pix-1 for the monochrome band sensors 
(i.e., red, green, red edge, and near infrared) and 3.24 cm pix-1 for the red, green, blue sensor. 
Radiometric correction measurements were collected using a calibrated reflectance ARINOV 
(Paris, France) target immediately before and after each flight (Figure 7).   
After each flight and prior to forage sample collection, normalized difference vegetation 
index (NDVI) canopy measurements were collected using an active, hand-held crop sensor, a 
Trimble GreenSeekerTM (Sunnyvale, CA).  As in 2016, predetermined vegetation sample 
reference points were located using a hand-held GPS unit (Garmin 64 ST; Lenexa, USA). 
Following manufacture recommendations, spectral reflectance measurements were taken with 
the crop sensor from a height ranging from 0.7 to 0.9 m above the forage canopy surface. 
Measurements were averaged over a 3.75-m transect across the pasture starting at each forage 
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sampling point (Figure 4).  After all reflectance data were recorded, vegetation was then 
mechanically harvested and processed (Figure 4).     
 
Satellite Imagery Data 
Moderate resolution, multispectral satellite imagery scenes acquired from Sentinel 2 (S2; 
European Space Agency [ESA] Copernicus Mission, 2018) and Landsat 8 (L8; U.S. Geological 
Survey and National Aeronautics and Space Administration, 2018) were sourced and added to a 
digital database. Suitable, cloud-free images of the study area were retrieved by querying archival 
imagery collections within the study period using USGS’s LandsatLook and Sent2Look (U.S. 
Geological Survey, 2018) imagery retrieval platforms. Sentinel 2 imagery were limited to level 1a 
scenes (i.e., top of the atmosphere) for the specified timeframe. Consequently, atmospheric 
correction and surface reflectance (SR) were calculated using the Sen2Cor plugin in Sentinel 
Application Platform (SNAP-European Space Agency, v7.0.3, 2019).  Landsat 8 Level-2 SR 
products for the before mentioned criteria were retrieved using USGS’s Landsat Science Research 
and Development (LSRD) web platform. Table 3 lists satellite imagery scenes and acquisition 




Mean vegetation indices for each treatment paddock were tabulated using the Spatial 
Analysis Zonal Statistics tool in ArcMap v10.7.1 (ESRI, Redlands, CA). Pearson, Spearman’s, 
and Kendall’s correlation coefficients were determined using pairwise, multivariate correlation 
analyses in JMP PRO v.14 (SAS Institute Inc., Cary, NC). Dataset were evaluated temporally 
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(i.e., aggregated by individual forage sample date, by season, and dates pooled) to better 
understand the role that seasonal forage phenology plays in assessing forage biophysical 
characteristics in a multi-species stand.  The strength of agreement between spectral derivatives 
(i.e., VIs), and forage biophysical variables were evaluated. An alpha level of .1 was chosen to be 
significant because of the limited number of sample points and the high number of species of 
vegetation growing within the study area.  
Pairwise correlation analysis was used to evaluate relationship between spectral 
derivatives and forage nutrient concentration, yield, and quality.  When dates were aggregated 
(e.g., all dates combined or summer dates were compared to spring dates) some variables and 
indices did not follow a normal distribution, therefore, Pearson’s rho (r) was used to evaluate the 
strength of linear correlation in normally distributed data, while for non-normally distributed 
data (i.e., skewed or with outliers) Kendall’s tau (τ) and Spearman’s (ρ) non-parametric, rank 
ordered tests of correlations were used for comparison (Croux & Dehon, 2010).   
 
Results and Discussion 
Forage Reference Sample Nutrient Value, Yield, and Species Composition  
A total of 58 plant species, consisting of 53.8% graminoids and 46.2% forbs, were 
identified growing within study area.  A list of plant species and their relative species abundance 
within the study area are listed in Appendix C.  The forage crop was dominated by crabgrass 
(Digitaria sanguinalis) and white clover (Trifolium repens), which accounted for 35.7 and 20.8% 
of the forage species surveyed, respectively. Leguminous plants made up 57.5% of the total forb 
species surveyed.  
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Forage crude protein concentration ranged from 11 to 20%, P ranged from 0.2 to 0.4%, K 
ranged from 1.3 to 3.2%, and DFY ranged from 59 to 2743 kg ha-1. Overall, Na, Fe, WFY, and 
DFY had the greatest variability with coefficients of variation (CVs) ranging from 73 to 125%, 
while the variability for TDN, percent water content, and P were lowest with CVs ranging from 8 
to 12%.  Maximum, minimum, mean, standard deviation, and CV for forage variables averaged 
across all harvest dates in the 2016 and 2017 growing seasons are summarized in Table 4.   
Forage collected during March and April contained greater (P < 0.001) N concentration 
and lower (P < 0.001) DFY than was measured in May and July (Table 5). This temporal 
difference may be attributed the phenological progression of warm-season forage plants 
transitioning from vegetative to reproductive stages to senescence as growth progressed.  These 
results were similar to reports from Butterfield et al. (2009) that, during senescence, both annual 
and perennial grasses exhibited decreased NDVI and forage CP, while biomass continued to 
accumulate.  Bunton et al. (2020) observed a species-dependent relationship between forage CP 
and digestibility for 29 mixed-grass and legume pastures across Missouri, reporting a decrease in 
CP and overall digestibility as the growing season progressed and plants reached maximum 
biomass. 
 
Correlations Among Sensors 
Pearson’s pairwise correlation analysis showed significant and mostly positive 
relationships between sensors and spectral derivatives (Table 6).  Positive correlations between 
satellite (i.e., L8 and S2) and UAV mounted Sequoia derived VIs significantly (P < 0.001) with r 
coefficients ranging from 0.92 to 0.98 for L8 and Sequoia, and from 0.59 to 0.97 for S2 and 
Sequoia associations, respectively.  These results were similar to those reported by Franzini et al. 
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(2019), where correlations between Sequoia- and S2-derived NDVI (r ranged from 0.70 to 0.73) 
were reported.  A moderate to strong negative correlation was observed among SeqReNDVI 
(UAS), the handheld GreenSeeker, and satellite derivatives (i.e., L8 and S2) with r values ranging 
from -0.61 to -0.90.  The large degree of correlation among sensors suggests potential exists to 
integrate a variety of sensors into resource management plans, which may allow researchers to 
analyze archival, low- to medium-resolution imagery to develop and calibrate models to estimate 
future forage variables on a finer temporal scale.  
Correlation between the L8- and S2-derived indices ranged from 0.86 to 0.97, with the 
strongest relationship occurring between S2NDVI and L8MSAVI (n = 36, P < 0.001; Table 6).  The 
normalized vegetation index using GreenSeeker was highly correlated (P < 0.001) with the L8-, 
S2-, and Sequoia-derived Vis, with the strongest correlation occurring between NDVI for each, 
which had r values of 0.89, 0.84, and 0.87, respectively.  Indices derived from consumer-grade, 
digital SLR cameras (i.e., Cannon Mark2 and Nikon D200) were moderately correlated (P < 
0.001) with VIs derived from S2 and L8, with r values ranging from 0.50 to 0.80 for CM2RGBVI, 
0.63 to 0.71 for CM2GFCC, and 0.60 to 0.66 for the N2NDVI (Table 6).  There were no over-
lapping imagery acquisition dates to determine the relationship between VI derivatives from the 
digital SLR cameras (i.e., CM2 and N2) with either the Sequoia or GreenSeeker. 
 
Correlation Between Imagery Derivatives and Species Diversity 
Pairwise correlation analysis revealed moderate (P < 0.01), positive correlations between 
satellite-imagery-derived vegetation indices and both the Shannon-Wiener (H’) and Simpson (D) 
diversity indices calculated using summer forage species survey results (Table 7).  There were 
moderate correlations for both L8 and S2 platforms, with correlation coefficients ranging from 
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0.51 to 0.57 for H’ and 0.52 to 0.54 for D.  The moderate correlation between VIs and species 
diversity was similarly observed by Fauvel et al. (2020), who reported Simpson and Shannon 
indices were best predicted with a coefficient of determination around 0.4 using a Random 
Forest predictor and Sentinel-2 data.    
The ability to characterize pasture forage biodiversity using remote sensing has important 
implications for producers and researchers, as conventional methods are resource (i.e., labor and 
time) intensive.  Establishing diverse forage stands has been shown to reduce invasion of weeds 
and increase forage production (Deak et al., 2004), especially in times of temperature and 
moisture extremes.  Incorporating multiple forage species into pastures can also benefit herd 
health by providing a wider food source exposure to macro- and micro-nutrients, as some species 
are known to help extract certain minerals and nutrients from deeper soil depths than other 
species (Distel et al., 2020; Watson et al., 2014), while other species, such as chicory (Cichorium 
intybus), are known to be antiparasitic (Peña-Espinoza et al., 2018).     
 
Correlation among Forage Biophysical Properties and Vegetation Indices 
Correlations by Season 
Linear correlations between forage biophysical attributes and VI derivatives were 
examined on a seasonal basis (i.e., samples collected in spring versus summer dates).  The 
strongest, most significant correlations for each forage property and index derivative will be 
discussed, while a more comprehensive list is included in Appendices E and F.  Aggregating 
spring forage samples resulted in strong, negative correlations between forage N % and L8 
derivatives (P < 0.001, r = -0.7 to 0.74; Table 8), and a strong, positive correlations between 
forage P % and S2MSAVI (P < 0.001, r = 0.74) and a weak, positive (P < 0.1) correlation with 
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L8NDVI (r = 0.59).  Furthermore, Mg concentration was strongly positively correlated (P < 0.001) 
with both L8 and S2 derivatives, while Ca was moderately correlated to CM2RGBVI (P < 0.01, r = 
0.57) when aggregating springtime datasets (Table 8).   
Dry forage yield was seasonally correlated with satellite, UAV, and SLR cameras 
derivatives.  Combining spring datasets, DFY was strongly positively correlated (P < 0.001) with 
satellite derivatives (r = 0.91 to 0.95) for satellite, and moderately (P < 0.05; r = 0.6) to strongly 
(P < 0.001, r = 68) positively correlated for the SLR cameras (Table 8). Combining summer 
datasets, DFY was strongly positively correlated (P < 0.001) with satellite derivatives (r = 0.82 to 
0.94) and for UAV (r = 0.82).  Both ADF (r = 0.83 to 0.86) and NDF (r = 0.88) were strongly 
positively correlated (P < .001) with springtime satellite derivatives, while RFV (r = -0.85) and 
TDN (r = -0.89) were strongly negatively related (Table 8).  
Aggregating summer 2016 and 2017 datasets resulted in weak to strong correlations 
between macronutrients (i.e., N, P, K Ca, and Mg) and canopy reflectance derivatives (Table 9). 
Percent forage N was strongly positively correlated (P < 0.001) with S2NDVI and L8NDVI with r 
values of 0.87 and 0.83, respectively.  While, forage P was weakly positively correlated (P < 
0.05) with SeqNDVI and GSNDVI (r = 0.59). Calcium was strongly positively correlated with 
S2GNDVI (r = 0.79, P < 0.001), while Mg correlated strongly and positively with L8NDVI (r = 
0.78, P < 0.001).  Summer sampling of forage quantity and quality variables (i.e., ADF, DFY, and 
NDF) were strongly positively correlated (P < 0.001) with SeqNDVI (r = 0.75), L8MSAVI (r = 
0.94), and SeqNDVI (r = 0.72), respectively (Table 9).  While, SeqNDVI was strongly negatively 
correlated (P < 0.001) with TDN (r = -0.77) and RFV (r = -0.72).   
The relationship between NDVI and percent forage N was stronger during the spring 
months and decreased in July of both years.  A similar decrease in the strength of the relationship 
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between NDVI and N in summer compared with spring months was observed by Doughty & 
Cavanaugh (2019) and Johnson et al. (2018).  Furthermore, Lugassi et al. (2019) reported that 
climatological (i.e., precipitation) and topographical (i.e., northern vs. southern hillslope aspect) 
conditions influenced the strongly seasonally dependent spatial and temporal variations of CP 
and NDF contents of pasture forages in Ramat Menashe and Patish Basin, Israel. 
 
Correlation by forage sample date 
For individual sampling dates, percent N in dried forage was weakly (i.e., P < 0.05) 
positively correlated to VIs on April 2016 and May 2017.  The strength and direction of 
correlations evaluated among individual sample dates is summarized in Appendix F.  Sentinel 2 
derivatives were weakly positively correlated (P < 0.05) with percent forage N, where r values in 
April 2016 ranged from of 0.50 to 0.62, with the S2MSAVI providing the largest degree of 
correlation.  In May 2017, percent forage N was moderately positively correlated (P < 0.01) with 
GSNDVI (r = 0.52), L8MSAVI (r = 0.51), and SeqMSAVI (r = 0.50).   
Percent forage P was strongly positively correlated with Landsat 8 (P < 0.001) and 
weakly positively correlated (P < 0.05) with Sequoia and GreenSeekerTM derivatives in July 
2017, with the strongest relationships with L8EVI (r = 0.75), SeqGNDVI (r = 0.63), and GSNDVI 
(r = 0.59), respectively.  Landsat 8-derived indices were the only sensor indices combinations to 
have weakly positive correlation with percent forage K, which was strongest for L8NDVI (r = 
0.58, P < 0.05) in July 2016 and L8EVI (r = 0.61, P < 0.05) in in July 2017. Forage Ca content 
had weak to moderate, positive correlation in April 2016 with CM2RGBIV (r = 0.53, P < 0.1) and 
S2 derivatives led by S2NDVI (r = 0.66, P < 0.05), moderate to strong positive correlation in July 
2016 for S2 led by S2GNDVI (r = 0.79, P < 0.001), and a weakly positive to strongly negative 
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correlation in July 2017 for GSNDVI (r = 0.5, P < 0.1), L8EVI (r = -0.81, P < 0.001) and 
SeqNDVI (r = -0.72, P < 0.001) resulting in the strongest correlations for each sensor index 
combination.   
Dry forage yield was strongly positively correlated (P < 0.001) in July 2016 and 2017 
with L8 derivatives, with correlation coefficients ranging from 0.71 to 0.73 led by L8SAVI in 
2016 and from 0.83 to 0.85 led by L8EVI in 2017.  Similarly, Sequoia derivatives had a highly 
positive correlation with DFY in July 2017, with r values ranging from 0.80 to 0.82 (P < 0.001).      
Acid neutral digestible fiber had moderate to strong, positive correlation in July 2017 
with Landsat-8 and Sequoia derivatives, with L8NDVI (r = 0.68, P < 0.05) and with SeqNDVI (r = 
0.75, P < 0.001) having the strongest correlation for each sensor. Neutral digestible fiber was 
weakly positively correlated with L8 derivatives in March 2016 (r = 0.5 to 0.59, P < 0.05), 
moderately negatively correlated in April 2016 with Cm2RGBIV (r = -0.68, P < 0.05), weak to 
moderately negatively correlated in July 2016 with S2 (r = -0.51 to -0.63, P < 0.1 to 0.05), 
strongly negatively correlated in May 2017 with L8NDVI (r = -0.59, P < 0.05) and SeqNDVI (r = 
-0.70, P < 0.05), and strongly positively correlated in July 2017 with L8 and Sequoia derivatives, 
with strongest respective relationships for each being L8NDVI (r = 0.69, P < 0.05) and SeqNDVI 
(r = 0.75, P < 0.001).  
 
Correlation across all sample dates 
Comparisons among reflectance derivatives pooled across all sample dates indicated 
forage N, P, K, Ca, and Mg concentrations were linearly correlated (P < 0.05) with S2-, L8-, and 
Sequoia-derived VIs and the handheld GreenSeekerTM (Table 6).  For percent forage N, the best 
relationship for a sensor-derived VI was strongly positive for S2EVI (r = 0.64; P < 0.001), 
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moderately negative for SeqNDVI (r = -0.59; P < 0.01), and weakly positive for L8NDVI (r = 
0.34; P < 0.05).  Forage P content was strongly positively correlated (P < 0.001) with SeqNDVI 
(r = 0.9), GSNDVI (r = 0.81), and L8MSAVI (r = 0.64).  The correlation for forage K was 
positive, ranging from weak (P < 0.05) to strong (P < 0.001), with the greatest degree of 
correlation occurring with L8NDVI (r = 0.53) and S2EVI (r = 0.46).    
Aggregating all sample dates resulted in strongly positively correlated relationships (P < 
0.001) between satellite VIs and DFY (Appendix E), with r values ranging from 0.56 (SAVI) to 
0.61 (EVI) for L8, while r values ranged from 0.46 (EVI) to 0.56 (NDVI) for S2.  Acid 
digestible fiber was strongly negatively correlated with S2GNDVI (r = -0.85, P < 0.001) and 
SeqGNDVI (r = -0.68, P < 0.001), while SeqNDVI (r = -0.55, P = 0.009) and SeqMSAVI (r = -0.58, 
P = 0.001) provided lower correlations.  For NDF, RFV, and TDN forage values, S2GNDVI was 
highly correlated (P < 0.001), with r values of -0.80, 0.84, and 0.86, respectively.   
Unmanned-aerial-system sensors can yield accurate representations of forage CP, N, and 
ADF compared with satellite-derived imagery.  Thus, results of this study support the use of 
UAS- sensor technology to provide input information on forage quality and quantity as affected 
by current land management practices.  
 
Limitations and Implications 
Several limitations were imposed on the statistical analysis of the sensor related 
investigations reported here.  As the study was conducted on a private farm, rather than as a small 
plot study where all variables were perfectly controlled, the rigor of some cause and effect 
relationships was limited.  For instance, efforts were made to control for the effects of grazing by 
excluding cattle from the study plots, with ground reference and reflectance measurements before 
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the cattle were allowed to strip graze at the collaborating famer’s discretion based on available 
height of forage.  However, it was noted that young calves were able to gain access from time to 
time, as the green grass proved too much of a temptation and the electric fence was too tall for 
their small stature. The impacts these calves made on DFY were not quantifiable.   
A second limitation was that hay treatments imposed by the winter-hay feeding study 
resulted in having three unique management areas, with each likely having a unique biophysical 
response in terms for forage production and nutrient content. While exploring different ways of 
organizing the data for analysis, it was found that the bivariate linear relationships were greatly 
improved when comparisons were made by individual treatments (C, UF, and RF) and the VIs on 
a given sample date, or when pooling data by season or all dates together. However, the number 
of samples taken were too low to organize data based on treatment. If this study was 
reestablished, taking out hay feeding treatments would have likely resulted in stronger 
relationships.  
Finally, some the forage sample dates and satellite acquisition dates were as many as 2 
weeks apart.  This occurred because satellite orbit is fixed, while the amount of forage available to 
be grazed was dependent on many variables (e.g., rain, temperature, fertility, and time since last 
rotations), which likely had an impact on the correlations and in future studies, need stronger 
consideration.   
However, these limitations do not limit or diminish the importance of findings reported 
here; this research was conducted in the real-world setting of a privately owned and operated 
rotationally grazed beef cattle farm.  As such, the research provides experiential data that provides 
the scientific basis for remote or sensor-based tools that will provide options for farmers to 
optimize nutrient-use efficacy, grazing rotation schedules, and winter feed management.  The use 
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of publicly available satellite imagery could also help farmers identify and target cover crops and 
optimal planting dates in order to maximize annual yield and reduce costs associated with 
purchasing, storing, and feeding supplemental hay by evaluating NDVI time series.   
Providing such real-world perspectives, is critical for broader acceptance and adoption of 
the management and technological implications of the research described here.  For example, one 
potential tool is the use of NVDI described here to make determinations for optimal targeting of 
soil and water conservation management, such as timing of poultry litter application based on 
forage uptake needs (e.g., when crop is growing), in order to minimize the risk of nutrient loss in 
runoff and mitigate water quality degradation.  In fact, it has been recognized for several years 
that targeted soil and water conservation by identifying temporally and spatially areas of fields or 
practices where the risk of runoff, erosion, and nutrient loss is high, is a highly cost-effective 
strategy to realize soil and water quality improvements (Osmond et al., 2019; Wang et al., 2016; 
Zimmerman et al., 2019). 
Another potential use is integration of satellite/drone NDVI, temperature, and precipitation 
data, with a crop growth model, such as the Crop Environment Resource Synthesis (CERES) 
models, which predict biomass and nutrient quality of forage crops (Jones et al., 2003; Basso et 
al., 2016).  Development of such a tool could provide user-friendly interface tool, where a 
producer would be able to take picture from their smart phone and instantly be given actionable 
crop-productivity data.  
 
Conclusions 
This study hypothesized that radiometrically calibrated sensors with greater spatial 
resolutions (i.e., GreenSeekerTM and Parrot SequoiaTM) would result in more robust linear 
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relationships, followed by satellite imagery (i.e., S2 and L8), while the consumer grade, non-
radiometrically calibrated SLR cameras (i.e., CM2 and N2) would result in weaker relationships 
as determined by goodness of fit using linear correlation and regression analysis.  The results 
failed to completely reject the null hypothesis.  There were many cases that the low to moderate 
resolution satellite imagery derivatives outperformed higher resolution drone and handheld 
sensor data.  
Pooling datasets by season, tended to strengthen the relationships between forage 
biophysical characteristics and spectral derivatives.  There was also clear advantages for using 
publically available satellite imagery, in terms of strength of relationship.  Cloud cover is often 
cited as a reason why satellite imagery is inferior to drone imagery, however, the current study 
illustrates drones are also susceptible to changing light (i.e., illumination) conditions caused by 
partial cloud coverage or water vapor within the air, even when radiometric calibration is used.  
Future studies should focus on determining the optimal phenologic growth-stage of the most 
widespread, or frequently occurring pasture plant species, as this would further strengthen the 
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Table and Figures 
 
Table 1.  Summary of sensors/platform combinations, color channels used for analysis, ground 
sample distance (GSD, m pixel-1), and derived reflectance vegetation indices (VIs) evaluated in 
this study.  
 
Sensor Platform Bands GSD†  Indices Analyzed†† 
OLI Landsat-8 B2, B3, B4, B5 30 
EVI, SAVI, MSAVI, 
NDVI 
MSI Sentinel-2 B2, B3, B4, B8 10 
EVI, SAVI, MSAVI, 
NDVI 
Sequoia 3DR Solo B1, B2, B3, B4 0.11 
NDVI, ReNDVI, 
MSAVI, GNDVI 
Cannon M2 track mount B1, B2, B3 0.0001 RGBVI, FGCC 
Nikon D200 track mount B1, B2, B3 0.0025 NDVI 
GreenSeeker handheld B1, B2 ~0.5 NDVI 
 
† Abbreviations and units: GSD (ground sample distance), m pix-1, OLI (operational land 
imager), MSI (MultiSpectral Instrument), M2 (Mark 2).   
†† Vegetation Indices are further defined in table 2.   
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Table 2. Canopy spectral reflectance derived vegetation indices (VI), acronyms, color-band 
formulas, and references used to relate forage variables via correlation and regression analysis 
during this study.  
 
Vegetation Index (VI) Acronym Equation† References 





Red edge normalized difference RENDVI 
N I R − Red Edge
N I R + Red Edge
 Barnes et al. (2000) 






Red green blue RGBVI 
Green2 − (Red ∗ Blue)
Green2 + (Red ∗ Blue)
 Bendig et al. (2015) 
Enhanced vegetation EVI 2.5 ∗
�NIRRed� − 1
NIR





 Liu et al. (1995) 
Soil adjusted SAVI N I R− Red
N I R + Red + 0.5
∗ (1 + 0.5) 
Huete 
(1988) 
Modified soil adjusted MSAVI 2 ∗ N I R − Red�(2 ∗ NIR)
2 − 9(NIR −
2
 
Qi et al. 
(1994) 
Fractional green canopy cover FGCC †† Patrignani (2015) 
Pseudo normalized difference pNDVI 
pseudoNIR− Red
pseudoNIR + Red
 Barnes (2013) 
 
† Color bands used were imagery sensor specific. Also, NIR stands for near infrared.    




Table 3. List of the satellite platform, forage dates, imagery acquisition dates, and percent cloud cover for used to create vegetative 



























†Imagery acquisition date closet to date of forage sampling were used for analysis.  
 




(%) Image Scene ID 
Landsat 8  3/25/2016 3/25/2016 0 LC08_L1TP_026035_20160325_20170223_01_T1 
Sentinel 2  4/14/2016 4/2/2016 0 S2A_OPER_MSI_L1C_TL_SGS__20160402T171813 
Sentinel 2  7/20/2016 7/11/2016 4 L1C_T15SUA_A005500_20160711T171110 
Landsat 8  7/20/2016 6/29/2016 27 LC08_L1TP_026035_20160629_20170222_01_T1 
Sentinel 2  5/20/2017 5/7/2016 2 L1C_T15SUV_A009790_20170507T170309 
Landsat 8  5/20/2017 5/15/2016 21 LC08_L1TP_026035_20170515_20170525_01_T1 
Sentinel 2  7/19/2017 7/6/2017 7 L1C_T15SUA_A010648_20170706T170236 





Table 4. Descriptive statistics for forage ground reference samples (n=60) for warm-season, mixed 
species pasture forage across all sample dates† (i.e., March, April, and July in 2017, and May and 
July in 2017).  
 
Variable†† Minimum Maximum Mean Standard Deviation 
Coefficient of 
Variation (%) 
N 1.7 3.3 2.4 0.3 13.5 
CP 11 20 15 2.0 13.5 
P 0.2 0.4 0.3 0.04 11.7 
K 1.3 3.2 2.2 0.36 16.6 
Ca 0.5 1.5 0.8 0.23 28.8 
Mg 0.1 0.3 0.2 0.05 25.0 
S 0.1 0.3 0.2 0.03 13.1 
WFY 178 15024 4436 3772 85.0 
DFY 59 2743 1143 832 72.8 
H2O 60 82 71 5.6 7.8 
RFV 81 182 123 29 24.0 
ADF 20 44 33 6.9 21.2 
NDF 37 63 50 7.5 14.9 
TDN 49 69 60 5.7 9.5 
 
† For forage descriptive statistics broken down by sample date, see Appendix C.  
†† Units and abbreviations: N (nitrogen), P (phosphorus), K (potassium), Ca (calcium), and S 
(sulfur), % by dry forage weight; DFY (dry forage yield), WFY (wet forage yield), kg ha-1; H2O 
(forage moisture), ADF (acid digestible fiber), NDF (neutral digestible fiber), TDN (total 





Table 5. Least square means table comparing mean forage biophysical properties on a dry weight basis by sample collection date.  
 
Date N† P K Ca Mg S DFY WFY H2O ADF NDF TDN RFV 
3/25/16 2.75a†† 0.32b 2.2a 0.63b 0.15e 0.22  124a 432d 70.2c 26.5c 45.1b 65.4a 161.5a 
4/15/16 2.43bc 0.32b 2.4a 0.69b 0.16d 0.20  510c 1940c 73.3b 24.6c 40.7c 65.4a 142.8b 
7/20/16 1.98d 0.29c 1.8b 0.94a 0.23b 0.19  1028b 3076c 66.0d 37.7a 53.2a 54.4c 106.7c 
5/20/17 2.29c 0.36a 2.2a 0.64b 0.19c 0.20  1985a 1011a 79.9a 34.9b 55.2a 57.6b 104.2c 
7/19/17 2.52b 0.31bc 2.3a 1.02a 0.27a 0.20  2069a 6620b 67.7d 39.9a 55.8a 55.0c 97.6c 
 
† Units and abbreviations: N (nitrogen), P (phosphorus), K (potassium), Ca (calcium), and S (sulfur), % by dry forage weight; DFY 
(dry forage yield), WFY (wet forage yield), kg ha-1; H2O (forage moisture), ADF (acid digestible fiber), NDF (neutral digestible 
fiber), TDN (total digestible nutrients), % weight on dry forage basis; RFV (relative forage value), index value.  













Table 6. Pearson’s (r) pairwise correlation matrix between sensors all possible sensor and vegetation index (VI) combinations 
aggregated across all sample dates†.  
  
† Number of samples (n) for each sensor Vegetation Index combination varied, dependent on data availability, as follows n = 12 (N2), 
24 (CM2. Seq, and GS), 48 (S2 and L8) depending on the data availability.  Correlations provided represent the same number of 
samples across the same dates. See Appendix C for correlation by forage sample date.     
‡ All correlation coefficients presented in table are significant at P < 0.05, correlation coefficients in bold are highly significant at the 
P < 0.001 level, while non-significant (NS; P > 0.05).  
Index GSNDVI SeqNDVI SeqMSAVI SeqGNDVI SeqReNDVI L8EVI L8MSAVI L8SAVI L8NDVI S2NDVI S2EVI S2MSAVI S2SAVI CM2RGBVI CM2GFCC N2NDVI 
GSNDVI 1† 0.87 0.76 0.84 -0.72 0.88 0.88 0.88 0.89 0.84 0.65 0.83 0.83 - - - 
SeqNDVI *** 1 0.90 0.97 -0.85 0.98 0.98 0.98 0.98 0.92 0.60 0.93 0.92 - - - 
SeqMSAVI *** *** 1 0.85 -0.86 0.97 0.97 0.97 0.97 0.95 0.59 0.95 0.95 - - - 
SeqGNDVI *** *** *** 1 -0.86 0.95 0.96 0.96 0.98 0.95 0.96 0.64 0.97 - - - 
SeqReNDVI *** *** *** *** 1 -0.86 -0.87 -0.87 -0.85 -0.89 -0.61 -0.90 -0.90 - - - 
L8EVI *** *** *** *** *** 1 1.00 1.00 0.97 0.97 0.93 0.93 0.95 0.54 0.65 - 
L8MSAVI *** *** *** *** *** *** 1 1.00 0.98 0.97 0.93 0.94 0.95 0.56 0.64 - 
L8SAVI *** *** *** *** *** *** *** 1 0.98 0.97 0.94 0.93 0.94 0.56 0.63 - 
L8NDVI *** *** *** *** *** *** *** *** 1 0.93 0.96 0.86 0.88 0.50 0.61 - 
S2NDVI *** *** *** *** *** *** *** *** *** 1 0.92 0.98 0.99 0.75 0.64 0.62 
S2EVI *** ** ** *** ** *** *** *** *** *** 1 0.86 0.88 0.80 0.70 0.66 
S2-MSAVI *** *** *** *** *** *** *** *** *** *** *** 1 1.00 0.80 0.71 0.65 
S2SAVI *** *** *** *** *** *** *** *** *** *** *** *** 1 0.79 0.70 0.65 
CM2RGBVI - - - - - * * * * ** ** ** ** 1 0.83 0.87 
CM2GFCC - - - - - * * ** ** ** ** ** ** *** 1 0.75 




Table 7. Forage diversity as determined using Shannon-Wiener (H’) and Simpson (D) diversity 
indices, and correlated with Landsat-8 (L8) and Sentinel-2 (S2) canopy surface reflectance indices 
and associated correlation coefficients (r) from summer pasture forage sampling, which took place 
July 2016 and July 2017.  
 
Diversity Index† n r †† 
H' L8EVI 24 0.56** 
D L8EVI 24 0.53** 
H' L8MSAVI 24 0.56** 
D L8MSAVI 24 0.54** 
H' L8NDVI 24 0.57** 
D L8NDVI 24 0.54** 
H' L8SAVI 24 0.57** 
D L8SAVI 24 0.54** 
H' S2EVI 24 0.52** 
D s2EVI 24 0.52** 
H' S2MSAVI 24 0.51* 
D S2MSAVI 24 0.52** 
H' S2NDVI 24 0.54** 
D s2NDVI 24 0.53** 
H' S2SAVI 24 0.52** 
D s2SAVI 24 0.52** 
 
† See Table 5 for indices definitions. 
†† Pearson’s correlation coefficient determined using the pairwise method, significance 












Table 8. Best fit relationships between vegetation indices and forage reference samples from 
spring dates (i.e., March and April 2016 and May 2017) based on correlations coefficients. 
 
Variable† SensorIndex n Pearson’s r Spearman’s ρ Kendall’s τ 
N L8NDVI 24 -0.72*** -0.64*** -0.43** 
N L8EVI 24 -0.7*** -0.62** -0.42** 
N L8MSAVI 24 -0.7*** -0.63*** -0.42** 
N L8SAVI 24 -0.7*** -0.63*** -0.42** 
P S2MSAVI 24 0.74*** 0.74*** 0.54*** 
P S2NDVI 24 0.72*** 0.68*** 0.48** 
P L8NDMI 24 0.59** 0.55** 0.39** 
P L8EVI 24 0.58** 0.5* 0.33* 
Ca CM2RGBVI 24 0.57** 0.62** 0.46** 
Ca S2GNDVI 12 0.57 0.65* 0.48* 
Mg L8MSAVI 24 0.93*** 0.81*** 0.59*** 
Mg L8NDVI 24 0.92*** 0.83*** 0.64*** 
Mg S2EVI 24 0.71*** 0.7*** 0.5*** 
Mg S2NDVI 24 0.68*** 0.77*** 0.58*** 
Mg SeqMSAVI 12 0.58* 0.56 0.42 
Mg CM2RGBVI 24 0.5* 0.45* 0.31* 
DFY L8NDMI 24 0.95*** 0.72*** 0.49*** 
DFY L8EVI 24 0.94*** 0.72*** 0.48** 
DFY L8MSAVI 24 0.94*** 0.72*** 0.46** 
DFY S2MSAVI 24 0.93*** 0.85*** 0.66*** 
DFY S2SAVI 24 0.93*** 0.85*** 0.65*** 
DFY S2NDVI 24 0.91*** 0.81*** 0.59*** 
DFY CM2FGCC 24 0.68*** 0.64*** 0.44** 
DFY CM2RGBVI 24 0.6** 0.59** 0.4** 
ADF L8NDMI 
24 
0.86*** 0.72*** 0.49*** 
ADF L8NDVI 
24 
0.86*** 0.75*** 0.55*** 
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Table 8. (Cont.) Best fit relationships between vegetation indices and forage reference 
samples from spring dates (i.e., March 2016, April 2016, and May 2017) based on correlations 
coefficients. 
 
Variable† SensorIndex n Pearson’s r Spearman’s ρ Kendall’s τ 
ADF S2MSAVI 24 0.83*** 0.61** 0.45** 
ADF S2SAVI 24 0.83*** 0.62** 0.45** 
NDF L8NDVI 24 0.88*** 0.77*** 0.57*** 
NDF S2NDVI 24 0.88*** 0.69*** 0.42** 
RFV S2MSAVI 24 -0.89*** -0.68*** -0.44** 
RFV S2SAVI 24 -0.88*** -0.68*** -0.43** 
TDN L8NDVI 24 -0.86*** -0.72*** -0.49*** 
TDN L8NDMI 24 -0.85*** -0.69*** -0.43** 
 
† The most highly correlation value for each forage metric is highlighted in boldface. 
Significance levels indicated by *, **, or *** for P < 0.05, 0.01, and 0.001, respectively, all 



























Table 9. Best fit relationships between vegetation indices and forage reference samples from 
summer (i.e., July 2016 and 2017) based on correlations coefficients. 
 
Variable† SensorIndex n Pearson’s r Spearman’s ρ Kendall’s τ 
N S2NDVI 24 0.87*** 0.83*** 0.63*** 
N L8NDVI 24 0.83*** 0.68*** 0.41** 
P SeqNDVI 12 0.59* 0.62* 0.36 
P GSNDVI 12 0.59* 0.61* 0.45* 
P L8EVI 24 0.37 0.56** 0.42** 
K L8SAVI 24 0.73*** 0.73*** 0.54*** 
K S2NDVI 24 0.58** 0.48* 0.30* 
Ca S2GNDVI 12 0.79** 0.85*** 0.70** 
Mg L8NDVI 24 0.78*** 0.77*** 0.57*** 
Mg S2NDVI 24 0.73*** 0.68*** 0.46** 
DFY L8MSAVI 24 0.94*** 0.94*** 0.79*** 
DFY SeqSAVI 24 0.82*** 0.78** 0.61** 
DFY S2NDVI 24 0.82*** 0.69*** 0.44** 
ADF SeqNDVI 12 0.75** 0.73** 0.55* 
ADF GSNDVI 12 0.52 0.41 0.27 
ADF L8MSAVI 24 0.40 0.41* 0.29* 
NDF SeqNDVI 12 0.72** 0.70* 0.48* 
NDF L8MSAVI 24 0.31 0.35 0.25 
TDN SeqMSAVI 12 -0.67* -0.63* -0.48* 
TDN SeqNDVI 12 -0.77** -0.66* -0.48* 
RFV SeqNDVI 12 -0.72** -0.72** -0.52* 
RFV GSNDVI 12 -0.50 -0.41 -0.24 
 
† The most highly correlation value for each forage metric is highlighted in boldface. 
Significance levels indicated by *, **, or *** for P < 0.05, 0.01, and 0.001, respectively, all 






Table 10. Significant relationships assessed using the pairwise method for Pearson’s (r), 
Spearman’s (ρ) and Kendall’s (τ) correlation coefficients relating data from all forage reference 
harvest dates (i.e., dates combined) and comparing imagery reflectance derivatives and forage 
quantity and quality variables. 
 
Variable† Index n Pearson r Spearman's ρ Kendall’s τ 
DFY L8EVI 48 0.61***†† 0.41*** 0.66*** 
DFY L8NDVI 48 0.59*** 0.41*** 0.66*** 
DFY L8MSAVI 48 0.59*** 0.41*** 0.66*** 
DFY S2NDVI 48 0.56*** 0.35*** 0.59*** 
DFY L8SAVI 48 0.56*** 0.41*** 0.66*** 
DFY S2SAVI 48 0.48*** 0.27** 0.42** 
DFY S2MSAVI 48 0.47*** 0.24* 0.38** 
DFY S2EVI 48 0.46** 0.33*** 0.52*** 
DFY CM2FGCC 24 0.68*** 0.64*** 0.44** 
DFY CM2RGBIV 24 0.60** 0.59** 0.40** 
DFY N2ppNDVI 12 ns 0.59* 0.36 
ADF SeqReNDVI 24 0.67*** 0.51*** 0.66*** 
ADF SeqNDVI 24 -0.58** -0.31* -0.51* 
ADF SeqGNDVI 24 -0.68*** -.58** -.039** 
ADF SeqMSAVI 24 -0.62** -0.38** -0.59** 
ADF S2GNDVI 24 -0.85*** -0.54*** -0.74*** 
NDF L8EVI 48 0.3* 0.21* 0.30* 
NDF L8NDMI 48 0.29* 0.22* 0.32* 
NDF L8MSAVI 48 0.28 0.23* 0.31* 
NDF L8NDVI 48 0.27 0.23* 0.31* 
NDF L8SAVI 48 0.26 0.23* 0.31* 
NDF S2GNDVI 24 -0.8*** -0.59*** -0.79*** 
RFV S2GNDVI 24 0.84*** 0.61*** 0.81*** 
RFV CM2RGBIV 24 0.47* 0.55** 0.35* 
RFV CM2FGCC 24 ns        0.43* 0.25 
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Table 10. (Cont.) Significant relationships assessed using the pairwise method for Pearson’s 
(r), Spearman’s (ρ) and Kendall’s (τ) correlation coefficients relating data from all forage 
reference harvest dates (i.e., dates combined) and comparing imagery reflectance derivatives 
and forage quantity and quality variables. 
 
Variable† Index n Pearson r Spearman's ρ Kendall’s τ 
TDN GSNDVI 24 0.36        0.40  0.33* 
TDN S2GNDVI 24 0.86*** 0.77*** 0.77*** 
TDN S2SAVI 48 0.18 0.23* 0.36* 
TDN S2MSAVI 48 0.17 0.25* 0.39** 
TDN SeqNDVI 24 0.47* ns ns 
TDN SeqReNDVI 24 -0.51* -0.50* -0.50* 
 
† Forage variables evaluated included: dry forage yield (DFY), acid digestible fiber (ADF), 
neutral digestible fiber (NDF), relative forage value (RFV), and total digestible nutrients (TDN). 
†† Significance levels indicated by *, **, or *** for alpha equals 0.05, 0.01, and 0.001, 
respectively, all others P < 0.1. The most highly correlated value for each forage metric is 










































Figure 1. (A) Experimental study layout of winter-hay feeding study which ran concurrent with 
the present study, looking at impact ring feeding (RF), Unrolling (RF), and a control (C) where 
no hay was fed on forage and soil prosperities. (B) Vicinity map showing the geographic study 






Figure 2. (A) Landsat 8 forage canopy spectral reflectance derived normalized difference 
vegetation index (NDVI) of the study area graphed as a time series for duration of study period 
(Google Earth Engine, 2020), and, forage ground reference sample dates symbolized as black 
diamonds along the series.  (B) Average monthly temperature and total monthly precipitation 











Figure 3. Graphic illustration depicting locations where forage reference samples were harvested 
and used to compare remotely sensed vegetation indices and vegetative species survey on a 





Figure 4. Polyvinyl chloride pipe and nylon string point intersect (n = 30) forage survey grid 
used to enumerate plant species within inset picture showing a plant at an intersection (e.g., 





Figure 5. (A) An active sensor GreenSeekerTM (Trimble, USA) averages normalized difference 
vegetation index (NDVI) measurement along a 3.75 m transect forage reference plot prior to 






Figure 6. Mobil vegetative plot camera mount track rig used to take a series of pictures using 
point and shoot (POS) digital SLR (single-lens reflex) cameras, during the first year of this 






Figure 7. (A) One of five ground control points (GCP) used to increase spatial accuracy of 
photogrammetric image stitching and georeferencing during UAS image acquisition. (B) Solo 
UAS mounted with a Sequoia multispectral sensor. (C) Radiometric target used for pre/post-
flight calibration of the Parrot Sequoia (Paris, France) to correct for irradiance using known 




























Chapter 4  




Production of pasture raised beef requires producers to match the nutrient needs of cattle 
with forage productivity.  Growing quality, nutrient dense forage requires at rates needed to 
sustain animal productivity starts with understanding soil fertility needs of growing forage crops.  
To create an accurate nutrient budget, all sources of nutrient inputs should be accounted.  This 
study demonstrates that nutrients imported in winter-fed hay should be considered and that 
feeding at a rate of 39 bales ha-1 contained nutrients in excess of forage crop needs.  
The dollar per acre value of plant available N, P, and K increased (P = 0.024) by 17.9 and 
14.0% and decreased by 5.5% for the RF, UF, and C paddocks, respectively.  The concentration 
of M3-K and M3-Mg in soil increased by 83 and 33% for RF paddocks and by 126 and 51% for 
UF, respectively. Relative to treatment C, dry forage yields were 5 and 19% greater for RF and 
UF paddocks, respectively.  Total soil water infiltration rates were greater (P < 0.001) for the UF 
(mean of 1.76 mm min-1) than for RF treatments (mean of 0.56 mm min-1). The results of this 
study demonstrate that nutrients in winter-fed hay impart important benefits to the fertility of 
pasture soil that should be considered accordingly, and that the feeding method used impacts 
both soil and forage properties.  
 Assessing forage in multispecies pastures remotely was correlated using sensors at varied 
spatial resolution.  There were strong positive linear correlations (P < 0.001) among sensors.  
Derivatives from satellites (i.e., Landsat-8 and Sentinel-2), an unmanned aircraft system (UAS), 
and a handheld crop sensor had coefficient of correlations (r) ranging from 0.88 to 0.99 for the 
satellites, 0.64 to 0.98 for the UAS, and 0.65 to 0.89 for the handheld crop sensor.  Pooling data 
on a seasonal basis (i.e., spring or summer), resulted in stronger correlations than did using 
individual sample dates or aggregating all data together.  Dry forage yield, was correlated with 
Spring and Summer derivatives using satellites imagery.  Percent forage Mg, P, ADF, and NDF 
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had stronger correspondence (P < 0.001) with datasets collected during spring growth, while 
percent N was better related to derivatives from Summer. Overall, the low and moderate 
resolution satellite data resulted in the stronger correlation. Partly cloudy conditions on the May 
2017 image acquisition campaign affected the quality of the UAV imagery. The strong 
agreement between sensors from varying spatial resolutions, suggests the possibility for 
integrating variety of sensors into forage monitoring plans, incorporating multiple data sources to 
build informative forage attribute models to inform producers on current forage supply and 




























This appendix includes a map of the study area showing the soil series spatial delineations, a 
table listing soil series name, symbol, taxonomic classification, and fractional spatial extent of 
soils in the study area as mapped on the U.S. Department of Agriculture Web Soil Survey 
(2020), and a table of soil physical properties (i.e, texture and bulk density).   
 
Figure A1. Map of soil series delineations in the study area at the Morrow Farm in Washington 





Table A1. Study area soil taxonomic information acccording to Web Soil Survey, 2016.  
Soil Name Symbol Classification Percent 
Captina silt loam, 
3 to 8 % slopes CaC 
Fine-silty, siliceous, active, 
mesic Typic Fragiudults 21.1 
Johnsburg silt loam, 
0 to 2 % slopes JO 
Fine-silty, mixed, active, mesic 
Aquic Fragiudults 20.3 
Pembroke silt loam, 
1 to 3 % slopes PeB 
Fine-silty, mixed, active, mesic 
Mollic Paleudalfs 26.7 
Pembroke gravelly silt loam,  
3 to 8 % slopes, eroded PeC2 
Fine-silty, mixed, active, mesic 
Mollic Paleudalfs 31.9 
 
Table A2. Study area soils particle size fractionation, textural class, and bulk density at the start 
of the study.  
  
Sample ID Block 
Treat- 




8C01 1 Control 7.57 29.44 62.99 Silt loam 1.32 
8C02 1 Control 6.57 36.09 57.34 Silt loam 1.22 
8C03 1 Control 10.57 31.43 58.00 Silt loam 1.31 
8C04 1 Control 12.57 31.43 56.00 Silt loam 1.33 
8C05 1 Control 10.57 31.42 58.01 Silt loam 1.33 
8B01 1 Ring 11.41 30.56 58.03 Silt loam 1.24 
8B02 1 Ring 7.39 31.67 60.94 Silt loam 1.24 
8B03 1 Ring 7.40 30.93 61.67 Silt loam 1.29 
8B04 1 Ring 6.41 32.53 61.06 Silt loam 1.34 
8B05 1 Ring 7.40 32.90 59.70 Silt loam 1.22 
8A01 1 Unroll 8.22 33.67 58.12 Silt loam 1.34 
8A02 1 Unroll 8.21 29.72 62.07 Silt loam 1.00 
8A03 1 Unroll 7.20 31.15 61.65 Silt loam 1.16 
8A04 1 Unroll 8.20 35.15 56.66 Silt loam 1.15 
8A05 1 Unroll 6.20 41.13 52.67 Silt loam 1.19 
8F01 2 Control 5.59 34.52 59.89 Silt loam 1.38 
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Table A2. (Cont.) Study area soils particle size fractionation, textural class, and 
bulk density at the start of the study.  
 
Sample ID Block 
Treat- 
ment Clay % Sand % Silt % Texture 
Bulk  
Density 
8F02 2 Control 5.60 35.40 59.00 Silt loam 1.36 
8F03 2 Control 9.61 29.68 60.71 Silt loam 1.34 
8F04 2 Control 9.60 29.05 61.35 Silt loam 1.30 
8F05 2 Control 11.60 30.39 58.01 Silt loam 1.28 
8D01 2 Ring 5.80 34.57 59.64 Silt loam 1.29 
8D02 2 Ring 8.80 40.20 51.00 Silt loam 1.28 
8D03 2 Ring 7.79 38.25 53.96 Silt loam 1.27 
8D04 2 Ring 9.80 35.87 54.33 Silt loam 1.39 
8D05 2 Ring 11.80 32.54 55.66 Silt loam 1.24 
8E01 2 Unroll 9.99 34.42 55.59 Silt loam 1.34 
8E02 2 Unroll 11.00 34.35 54.65 Silt loam 1.38 
8E03 2 Unroll 14.98 33.42 51.60 Silt loam 1.44 
8E04 2 Unroll 10.00 37.03 52.98 Silt loam 1.34 
8E05 2 Unroll 10.00 37.00 53.00 Silt loam 1.37 
8D06 3 Control 11.80 31.55 56.65 Silt loam 1.34 
8D07 3 Control 11.80 30.87 57.33 Silt loam 1.39 
8D08 3 Control 13.79 29.23 56.98 Silt loam 1.41 
8D09 3 Control 9.80 33.87 56.33 Silt loam 1.33 
8D10 3 Control 9.80 36.54 53.66 Silt loam 1.39 
8E06 3 Ring 11.00 31.01 57.99 Silt loam 1.29 
8E07 3 Ring 11.00 26.00 63.00 Silt loam 1.34 
8E08 3 Ring 12.00 28.67 59.33 Silt loam 1.33 
8E09 3 Ring 14.98 30.42 54.59 Silt loam 1.37 
8E10 3 Ring 12.00 34.00 54.00 Silt loam 1.38 
8F06 3 Unroll 8.61 33.63 57.75 Silt loam 1.22 
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Table A2. (Cont.) Study area soils particle size fractionation, textural class, and 
bulk density at the start of the study. 
Sample ID Block 
Treat- 
ment Clay % Sand % Silt % Texture 
Bulk  
Density 
8F07 3 Unroll 9.60 29.06 61.34 Silt loam 1.27 
8F08 3 Unroll 7.59 30.16 62.25 Silt loam 1.29 
8F09 3 Unroll 9.60 31.77 58.64 Silt loam 1.26 
8F10 3 Unroll 9.61 31.36 59.04 Silt loam 1.30 
8B06 4 Control 10.40 30.27 59.33 Silt loam 1.30 
8B07 4 Control 11.39 36.30 52.31 Silt loam 1.35 
8B08 4 Control 7.40 38.59 54.01 Silt loam 1.35 
8B09 4 Control 6.40 39.62 53.98 Silt loam 1.25 
8B10 4 Control 5.56 44.52 49.92 Sandy loam 1.21 
8C06 4 Ring 8.57 26.12 65.31 Silt loam 1.21 
8C07 4 Ring 8.56 31.82 59.61 Silt loam 1.25 
8C08 4 Ring 7.56 37.50 54.93 Silt loam 1.34 
8C09 4 Ring 8.56 36.81 54.63 Silt loam 1.42 
8C10 4 Ring 6.57 39.43 54.00 Silt loam 1.28 
8A06 4 Unroll 9.58 34.73 55.69 Silt loam 1.39 
8A07 4 Unroll 6.20 37.17 56.63 Silt loam 1.30 
8A08 4 Unroll 6.19 40.55 53.26 Silt loam 1.33 
8A09 4 Unroll 6.20 37.80 56.00 Silt loam 1.29 




This appendix provides a summary of soil properties measured, as well as the extractant and 
analytical instruments used for by the Soil Health Tool at the United States Department of 
Agriculture-Agricultural Research Services lab in Temple, Texas, derived from Haney et al. 









Appendix C.  
This appendix lists the species of vegetation survey within the study taken mid-July of both 2016 and 2017, the relative abundance, 
and growth characteristics (note: growth characteristics are from U.S. Department of Agriculture’s Plant Database in 2018. 
 
Common name Scientific name Relative abundance Growth habit Status Group Duration 
Arrowleaf clover Trifolium vesiculosum 0.13% forb/herb introduced dicot annual 
Barnyard grass Echinochloa crusgalli 1.30% graminoid introduced monocot annual 
Bedstraw Galium aparine 0.03% forb/herb/vine native dicot annual 
Bermudagrass Cynodon dactylon 3.43% graminoid introduced monocot perennial 
Bitterweed Helenium amarum 6.86% forb/herb native dicot annual 
Black-eyed Susan Rudbeckia hirta 0.06% forb/herb native dicot biennial 
Bracted plantain Plantago aristata 0.16% forb/herb native dicot perennial 
Branched noseburn Tragia ramosa 0.03% forb/herb native dicot perennial 
Broad-leaved dock Rumex obtusifolius 0.03% forb/herb introduced dicot perennial 
Butterfly milkweed Asclepias tuberosa 0.06% forb/herb native dicot perennial 
Carpetweed Mollugo verticillata 0.03% forb/herb native dicot annual 
Common plantain Plantago major 0.86% forb/herb introduced dicot perennial 
Common ragweed Ambrosia artemisiifolia 0.41% forb/herb introduced dicot annual 
Common yarrow Achillea millefolium 0.06% forb/herb native dicot perennial 
Crabgrass Digitaria sanguinalis 35.7% graminoid introduced monocot annual 




Appendix C. (Cont.) 
This appendix lists species of vegetation survey within the study taken mid-July of both 2016 and 2017, the relative abundance, 
and growth characteristics (note: growth characteristics are from U.S. Department of Agriculture’s Plant Database in 2018. 
 
Common name Scientific name Relative abundance Growth habit Status Group Duration 
Curly dock Rumex crispus 0.70% forb/herb introduced dicot perennial 
Cutleaf primrose Oenothera laciniata 0.06% forb/herb native dicot perennial 
Dallisgrass Paspalum dilatatum 0.41% graminoid introduced monocot perennial 
Foxtail Setaria lutescens 0.63% graminoid introduced monocot annual 
Giant foxtail Setaria faberi 0.03% graminoid introduced dicot annual 
Globe sedge Cyperus croceus 0.03% graminoid native monocot perennial 
Green milkweed Asclepias hirtella 0.03% forb/herb native dicot perennial 
Horse nettle Solanum carolinense 3.40% forb/herb/subshrub native dicot perennial 
Horseweed Erigeron canadensis 0.29% forb/herb native dicot biennial 
Iron weed Vernonia arkansana 0.28% forb/herb native dicot perennial 
Johnsongrass Sorghum halepense 2.13% graminoid introduced monocot perennial 
Little barley Hordeum pusillum 0.03% graminoid native monocot annual 
Little bluestem Schizachyrium sp. 0.03% graminoid native monocot perennial 
Nodding spurge Euphorbia nutans 0.10% forb/herb native dicot perennial 
Nutsedge Cyperus esculentus 2.86% graminoid both monocot perennial 





Appendix C. (Cont.) 
This appendix lists species of vegetation survey within the study taken mid-July of both 2016 and 2017, the relative abundance, 
and growth characteristics (note: growth characteristics from U.S. Department of Agriculture’s Plant Database in 2018. 
 
Common name Scientific name Relative abundance Growth habit Status Group Duration 
Palmer amaranth Amaranthus palmeri 0.83% forb/herb native dicot annual 
Panicum Panicum spp. 2.13% graminoid native monocot annual 
Poverty rush Juncus tenuis 0.25% graminoid native monocot perennial 
Prickly sida Sida spinosa 0.19% forb/herb Subshrub native dicot perennial 
Prostrate spurge Euphorbia maculata 0.63% forb/herb native dicot annual 
Purpletop Tridens flavus 0.03% graminoid native monocot perennial 
Purple 
passionflower Passiflora incarnata 0.19% forb/herb/vine native dicot perennial 
Rabbitfoot clover Trifolium arvense 0.29% forb/herb introduced dicot annual 
Red clover Trifolium pratense 2.76% forb/herb introduced dicot biennial 
Smartweed Polygonum pensylvanicum 0.03% forb/herb native dicot annual 
Tropic Croton Croton glandulosus 0.44% forb/herb subshrub native dicot annual 
VA pepperwort Lepidium virginicum 0.35% forb/herb native dicot biennial 
White clover Trifolium repens 20.8% forb/herb introduced dicot perennial 
Wild geranium Geranium maculatum 0.10% forb/herb native dicot perennial 
Wild lettuce Lactuca canadensis 0.03% forb/herb native dicot biennial 
Wood sorrel Oxalis stricta 1.52% forb/herb native dicot perennial 






Appendix D.  
This appendix provides summary statistics for forage quality and quantity properties by date of 
sampling.  
 
Date Variable Min Max Mean SD CV 
3/25/16 CP 14.9 20.4 17.2 1.6 9.2 
4/15/16 CP 12.8 17.1 15.2 1.2 8.1 
7/20/16 CP 10.7 14.4 12.4 0.9 7.5 
5/20/17 CP 12.5 16.3 14.3 1.3 9.1 
7/19/17 CP 13.9 17.8 15.8 1.1 7.1 
All dates CP 10.7 20.4 15.0 2.0 13.5 
3/25/16 N 2.4 3.3 2.8 0.25 9.2 
4/15/16 N 2.1 2.7 2.4 0.20 8.1 
7/20/16 N 1.7 2.3 2.0 0.15 7.5 
5/20/17 N 2.0 2.6 2.3 0.21 9.1 
7/19/17 N 2.2 2.8 2.5 0.18 7.1 
All dates  N 1.7 3.3 2.4 0.32 13.5 
3/25/16 P 0.24 0.38 0.32 0.042 13.2 
4/15/16 P 0.27 0.36 0.32 0.028 8.6 
7/20/16 P 0.24 0.37 0.29 0.034 11.6 
5/20/17 P 0.33 0.38 0.36 0.015 4.1 
7/19/17 P 0.26 0.34 0.31 0.021 7.0 
All dates P 0.24 0.38 0.32 0.037 11.7 
3/25/16 K 1.6 2.7 2.2 0.37 17.2 
4/15/16 K 1.9 3.2 2.4 0.39 16.6 
7/20/16 K 1.3 2.3 1.8 0.32 17.6 
5/20/17 K 1.9 2.4 2.2 0.18 8.2 
7/19/17 K 1.9 2.7 2.2 0.24 10.5 
All dates K 1.3 3.2 2.2 0.36 16.6 




Appendix D. (Cont.)  
This appendix provides summary statistics for forage quality and quantity properties by date 
of sampling.  
 
Date  Variable Min Max Mean SD CV 
4/15/16 B 4.5 13.6 8.3 2.9 34.5 
7/20/16 B 7.4 28.6 14.7 6.5 43.8 
5/20/17 B 6.3 12.8 9.7 1.9 19.6 
7/19/17 B 12.5 22.3 15.67 2.70 17.3 
All dates B 4.1 28.6 10.98 5.0 45.6 
3/25/16 Ca 0.53 0.79 0.63 0.073 11.6 
4/15/16 Ca 0.53 0.98 0.69 0.12 17.9 
7/20/16 Ca 0.61 1.50 0.94 0.27 28.6 
5/20/17 Ca 0.50 0.84 0.64 0.095 14.8 
7/19/17 Ca 0.84 1.39 1.02 0.16 15.5 
All dates Ca 0.50 1.50 0.78 0.23 28.8 
3/25/16 Cu 7.1 8.7 8.0 0.45 5.6 
4/15/16 Cu 5.4 8.4 6.8 0.88 12.8 
7/20/16 Cu 7.2 11.9 9.4 1.49 15.9 
5/20/17 Cu 5.9 8 6.7 0.59 8.9 
7/19/17 Cu 8.7 12.5 9.6 1.06 11.0 
All dates Cu 5.4 12.5 8.1 1.55 19.1 
3/25/16 Fe 137 394 239 76.1 31.9 
4/15/16 Fe 98 1671 254 447.7 176 
7/20/16 Fe 95 224 132 39.5 29.9 
5/20/17 Fe 69 158 92 25.5 27.6 
7/19/17 Fe 113 743 204 174 85.2 
All dates Fe 69 1671 184 220 120 
3/25/16 Mg 0.14 0.16 0.15 0.007 4.6 




Appendix D. (Cont.)  
This appendix provides summary statistics for forage quality and quantity properties by date 
of sampling.  
 
Date  Variable Min Max Mean SD CV 
7/20/16 Mg 0.18 0.26 0.23 0.022 9.9 
5/20/17 Mg 0.17 0.20 0.19 0.011 5.8 
7/19/17 Mg 0.24 0.32 0.27 0.023 8.4 
All dates Mg 0.13 0.32 0.20 0.05 25.0 
3/25/16 Mn 132 252 189 44.7 23.7 
4/15/16 Mn 112 348 158 65.4 41.3 
7/20/16 Mn 113 231 147 30.4 20.7 
5/20/17 Mn 91 199 120 27.0 22.5 
7/19/17 Mn 90 162 132 24.3 18.4 
All dates Mn 90 348 149 46.4 31.0 
3/25/16 Na 54.0 205 106 47.0 44.3 
4/15/16 Na 75.0 204 123 41.5 33.9 
7/20/16 Na 69.0 1372 281 380 135 
5/20/17 Na 70.0 255 118 53.2 45.1 
7/19/17 Na 76.0 1168 279 300 108 
All dates Na 54.0 1372 181 227 125 
3/25/16 S 0.18 0.24 0.21 0.018 8.40 
4/15/16 S 0.17 0.21 0.20 0.012 6.2 
7/20/16 S 0.15 0.28 0.19 0.048 25.0 
5/20/17 S 0.18 0.22 0.20 0.009 4.39 
7/19/17 S 0.17 0.25 0.19 0.021 10.6 
All dates S 0.15 0.28 0.20 0.026 13.1 
3/25/16 Zn 28.3 50.3 38.8 7.7 19.8 
4/15/16 Zn 21.1 36.4 29.9 4.6 15.4 
7/20/16 Zn 34.4 44.1 37.9 3.1 8.2 
5/20/17 Zn 23.8 29.9 27.2 1.9 6.9 
7/19/17 Zn 31.6 42.3 35.6 2.6 7.3 




Appendix D. (Cont.)  
This appendix provides summary statistics for forage quality and quantity properties by date of 
sampling.  
 
Date Variable Min Max Mean SD CV 
3/25/16 DFY 58.8 222 124 56.4 45.4 
4/15/16 DFY 261 988 510 238 46.7 
7/20/16 DFY 660 1456 1028 276 26.8 
5/20/17 DFY 1219 2513 1985 392 19.8 
7/19/17 DFY 1612 2743 2069 359 17.4 
All dates DFY 58.8 2743 1143 832 72.8 
3/25/16 WFY 178 886 432 224 51.8 
4/15/16 WFY 966 3927 1940 985 50.8 
7/20/16 WFY 1631 4703 3076 951 30.9 
5/20/17 WFY 6340 15024 10114 2421 23.9 
7/19/17 WFY 4811 8581 6620 1365 20.6 
All dates WFY 178 15024 4436 3772 85.0 
3/25/16 H2O 62.8 75.0 70.2 3.1 4.5 
4/15/16 H2O 68.9 75.9 73.3 1.9 2.6 
7/20/16 H2O 59.6 73.0 66.0 4.0 6.0 
5/20/17 H2O 77.0 82.1 79.9 1.6 2.0 
7/19/17 H2O 63.7 72.1 67.7 2.5 3.7 
All dates H2O 59.6 82.1 71.4 5.6 7.8 
3/25/16 ADF 22.3 32.1 26.5 3.2 12.2 
4/15/16 ADF 20.4 37.2 24.6 4.2 17.2 
7/20/16 ADF 29.9 43.3 37.7 3.9 10.3 
5/20/17 ADF 31.4 37.7 34.9 1.9 5.5 
7/19/17 ADF 35.0 44.4 39.9 3.0 7.5 
All dates ADF 20.4 44.4 32.7 6.9 21.2 




Appendix D. (Cont.)  
This appendix provides summary statistics for forage quality and quantity properties by date of 
sampling.  
 
Date Variable Min Max Mean SD CV 
4/15/16 NDF 37.3 50.6 40.7 3.7 9.0 
7/20/16 NDF 40.0 62.9 53.2 6.5 12.2 
5/20/17 NDF 51.6 60.3 55.2 2.4 4.3 
7/19/17 NDF 48.1 62.7 55.8 4.8 8.6 
All dates NDF 37.3 62.9 50.0 7.5 14.9 
3/25/16 TDN 60.1 69.0 65.4 2.9 4.4 
4/15/16 TDN 55.0 68.7 65.4 3.5 5.4 
7/20/16 TDN 49.4 61.2 54.4 3.2 6 
5/20/17 TDN 55.0 61.2 57.6 2.0 3.4 
7/19/17 TDN 50.6 58.8 55.0 2.6 4.8 
All dates TDN 49.4 69.0 59.6 5.7 9.5 
3/25/16 RFV 117 173 143 17.7 12.4 
4/15/16 RFV 115 182 162 17.6 10.9 
7/20/16 RFV 81.7 153 107 20.1 18.8 
5/20/17 RFV 93.2 116 104 6.6 6.4 
7/19/17 RFV 80.7 118 98 12.4 12.7 






Appendix E.  
 
Pearson’s rho (r) pairwise correlation† analysis between forage variables and Vegetation Indices, 
by season††. 
 
Date Variable Unit SensorIndex r† n 
Spring N % L8NDVI -0.72 *** 24 
Spring N % L8NDMI -0.72 *** 24 
Spring N % L8MSAVI -0.7 *** 24 
Spring N % L8SAVI -0.7 *** 24 
Spring N % L8EVI -0.7 *** 24 
Spring P % S2MSAVI  0.74 *** 24 
Spring P % S2SAVI  0.74 *** 24 
Spring P % S2NDVI  0.72 *** 24 
Spring P % S2EVI  0.69 *** 24 
Spring P % L8NDMI  0.59 ** 24 
Spring P % L8EVI  0.58 ** 24 
Spring P % L8MSAVI  0.57 ** 24 
Spring P % L8SAVI  0.57 ** 24 
Spring P % L8NDVI  0.56 ** 24 
Spring Ca % CM2RGBIV  0.57 ** 24 
Spring Ca % S2GNDVI  0.57  12 
Spring Mg % L8MSAVI  0.93 *** 24 
Spring Mg % L8SAVI  0.92 *** 24 
Spring Mg % L8EVI  0.92 *** 24 
Spring Mg % L8NDMI  0.92 *** 24 
Spring Mg % L8NDVI  0.92 *** 24 
Spring Mg % S2EVI  0.71 *** 24 
Spring Mg % S2NDVI  0.68 *** 24 
Spring Mg % SeqReNDVI -0.66 * 12 




Appendix E. (Cont.) 
 
Pearson’s rho (r) pairwise correlation† analysis between forage variables and Vegetation 
Indices, by season††. 
 
Date Variable Unit SensorIndex r† n 
Spring Mg % S2MSAVI  0.65 *** 24 
Spring Mg % SeqMSAVI  0.58 * 12 
Spring Mg % CM2RGBIV  0.5 * 24 
Spring DFY kg ha-1 L8NDMI  0.95 *** 24 
Spring DFY kg ha-1 L8MSAVI  0.94 *** 24 
Spring DFY kg ha-1 L8SAVI  0.94 *** 24 
Spring DFY kg ha-1 L8EVI  0.94 *** 24 
Spring DFY kg ha-1 L8NDVI  0.93 *** 24 
Spring DFY kg ha-1 S2MSAVI  0.93 *** 24 
Spring DFY kg ha-1 S2SAVI  0.93 *** 24 
Spring DFY kg ha-1 S2NDVI  0.91 *** 24 
Spring DFY kg ha-1 S2EVI  0.8 *** 24 
Spring DFY kg ha-1 CM2FGCC  0.68 *** 24 
Spring DFY kg ha-1 CM2RGBIV  0.6 ** 24 
Spring ADF % L8NDVI  0.86 *** 24 
Spring ADF % L8NDMI  0.86 *** 24 
Spring ADF % L8SAVI  0.85 *** 24 
Spring ADF % L8MSAVI  0.85 *** 24 
Spring ADF % L8EVI  0.85 *** 24 
Spring ADF % S2MSAVI  0.83 *** 24 
Spring ADF % S2SAVI  0.83 *** 24 
Spring ADF % S2NDVI  0.82 *** 24 
Spring ADF % S2EVI  0.64 *** 24 
Spring NDF % S2MSAVI  0.9 *** 24 




Appendix E. (Cont.) 
 
Pearson’s rho (r) pairwise correlation† analysis between forage variables and Vegetation 
Indices, by season††. 
 
Date Variable Unit SensorIndex r† n 
Spring NDF % S2NDVI  0.88 *** 24 
Spring NDF % L8NDVI  0.88 *** 24 
Spring NDF % L8NDMI  0.86 *** 24 
Spring NDF % L8SAVI  0.85 *** 24 
Spring NDF % L8MSAVI  0.85 *** 24 
Spring NDF % L8EVI  0.85 *** 24 
Spring NDF % SeqMSAVI -0.7 * 12 
Spring NDF % S2EVI  0.68 *** 24 
Spring NDF % CM2RGBIV -0.48 * 24 
Spring NDF % CM2FGCC -0.36  24 
Spring RFV na S2MSAVI -0.89 *** 24 
Spring RFV na S2SAVI -0.88 *** 24 
Spring RFV na S2NDVI -0.87 *** 24 
Spring RFV na L8NDVI -0.87 *** 24 
Spring RFV na L8SAVI -0.84 *** 24 
Spring RFV na L8NDMI -0.84 *** 24 
Spring RFV na L8MSAVI -0.84 *** 24 
Spring RFV na L8EVI -0.84 *** 24 
Spring RFV na S2EVI -0.68 *** 24 
Spring RFV na SeqMSAVI  0.55  12 
Spring RFV na CM2RGBIV  0.47 * 24 
Spring TDN % L8NDVI -0.86 *** 24 
Spring TDN % L8NDMI -0.85 *** 24 
Spring TDN % L8SAVI -0.84 *** 24 
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Pearson’s rho (r) pairwise correlation† analysis between forage variables and Vegetation 
Indices, by season††. 
 
Date Variable Unit SensorIndex r† n 
Spring TDN % L8EVI -0.84 *** 24 
Spring TDN % S2MSAVI -0.79 *** 24 
Spring TDN % S2SAVI -0.78 *** 24 
Spring TDN % S2NDVI -0.77 *** 24 
Spring TDN % S2EVI -0.58 ** 24 
Spring WFY kg ha-1 L8NDMI 0.94 *** 24 
Spring WFY kg ha-1 L8MSAVI 0.92 *** 24 
Spring WFY kg ha-1 L8SAVI 0.92 *** 24 
Spring WFY kg ha-1 L8EVI 0.92 *** 24 
Spring WFY kg ha-1 L8NDVI 0.92 *** 24 
Spring WFY kg ha-1 S2MSAVI 0.91 *** 24 
Spring WFY kg ha-1 S2SAVI 0.91 *** 24 
Spring WFY kg ha-1 S2NDVI 0.9 *** 24 
Spring WFY kg ha-1 S2EVI 0.76 *** 24 
Spring WFY kg ha-1 CM2FGCC 0.64 *** 24 
Spring WFY kg ha-1 CM2RGBIV 0.56 ** 24 
Spring WFY kg ha-1 SeqMSAVI -0.52 12 
Spring H2O % L8NDMI 0.88 *** 24 
Spring H2O % L8MSAVI 0.87 *** 24 
Spring H2O % L8EVI 0.87 *** 24 
Spring H2O % L8SAVI 0.87 *** 24 
Spring H2O % S2MSAVI 0.85 *** 24 
Spring H2O % L8NDVI 0.84 *** 24 
Spring H2O % S2SAVI 0.84 *** 24 
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Pearson’s rho (r) pairwise correlation† analysis between forage variables and Vegetation 
Indices, by season††. 
 
Date Variable Unit SensorIndex r† n 
Spring H2O % S2EVI 0.6 ** 24 
Spring H2O % SeqGNDVI -0.58 * 12 
Spring H2O % S2GNDVI -0.55 12 
Summer N % S2NDVI 0.87 *** 24 
Summer N % S2SAVI 0.86 *** 24 
Summer N % S2MSAVI 0.86 *** 24 
Summer N % S2EVI 0.86 *** 24 
Summer N % L8NDVI 0.83 *** 24 
Summer N % L8SAVI 0.80 *** 24 
Summer N % L8EVI 0.80 *** 24 
Summer N % L8NDMI  0.8 *** 24 
Summer N % L8MSAVI  0.8 *** 24 
Summer N % SeqMSAVI -0.68 * 12 
Summer N % SeqNDVI -0.63 * 12 
Summer P % SeqGNDVI  0.63 * 12 
Summer P % SeqNDVI  0.59 * 12 
Summer P % GSNDVI  0.59 * 12 
Summer P % L8EVI  0.37  24 
Summer P % L8MSAVI  0.37  24 
Summer P % L8SAVI  0.36  24 
Summer P % L8NDVI  0.34  24 
Summer K % L8SAVI  0.73 *** 24 
Summer K % L8MSAVI  0.73 *** 24 
Summer K % L8EVI  0.73 *** 24 
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Pearson’s rho (r) pairwise correlation† analysis between forage variables and Vegetation 
Indices, by season††. 
 
Date Variable Unit SensorIndex r† n 
Summer K % L8NDMI  0.72 *** 24 
Summer K % S2NDVI  0.58 ** 24 
Summer K % S2SAVI  0.55 ** 24 
Summer K % S2MSAVI  0.54 ** 24 
Summer K % S2EVI  0.54 ** 24 
Summer Ca % S2GNDVI  0.79 ** 12 
Summer Ca % SeqNDVI -0.75 ** 12 
Summer Ca % SeqMSAVI -0.69 * 12 
Summer Ca % SeqGNDVI -0.68 * 12 
Summer Ca % GSNDVI -0.5  12 
Summer Mg % L8NDVI  0.78 *** 24 
Summer Mg % L8SAVI  0.77 *** 24 
Summer Mg % L8MSAVI  0.77 *** 24 
Summer Mg % L8EVI  0.77 *** 24 
Summer Mg % L8NDMI  0.76 *** 24 
Summer Mg % S2NDVI  0.73 *** 24 
Summer Mg % S2SAVI  0.71 *** 24 
Summer Mg % S2MSAVI  0.71 *** 24 
Summer Mg % S2EVI  0.71 *** 24 
Summer S % S2GNDVI  0.68 * 12 
Summer DFY kg ha-1 L8MSAVI 0.94 *** 24 
Summer DFY kg ha-1 L8EVI  0.93 *** 24 
Summer DFY kg ha-1 L8SAVI  0.93 *** 24 
Summer DFY kg ha-1 L8NDMI  0.93 *** 24 
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Pearson’s rho (r) pairwise correlation† analysis between forage variables and Vegetation 
Indices, by season††. 
 
Date Variable Unit SensorIndex r† n 
Summer DFY kg ha-1 SeqNDVI  0.84 *** 12 
Summer DFY kg ha-1 SeqMSAVI  0.82 ** 12 
Summer DFY kg ha-1 S2NDVI  0.82 *** 24 
Summer DFY kg ha-1 S2SAVI  0.79 *** 24 
Summer DFY kg ha-1 SeqGNDVI  0.78 ** 12 
Summer DFY kg ha-1 S2MSAVI  0.78 *** 24 
Summer DFY kg ha-1 S2EVI  0.77 *** 24 
Summer ADF % SeqMSAVI  0.61 * 12 
Summer ADF % SeqNDVI  0.59 * 12 
Summer ADF % GSNDVI  0.52  12 
Summer ADF % L8NDMI  0.41 * 24 
Summer ADF % L8MSAVI  0.4  24 
Summer ADF % L8EVI  0.39  24 
Summer ADF % L8SAVI  0.39  24 
Summer ADF % L8NDVI  0.36  24 
Summer NDF % SeqMSAVI  0.67 * 12 
Summer NDF % SeqNDVI  0.64 * 12 
Summer NDF % S2GNDVI -0.63 * 12 
Summer NDF % SeqGNDVI  0.53  12 
Summer RFV na SeqMSAVI -0.63 * 12 
Summer RFV na SeqNDVI -0.61 * 12 
Summer RFV na S2GNDVI  0.60 * 12 
Summer RFV na SeqGNDVI -0.52  12 
Summer RFV na GSNDVI -0.5  12 
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Pearson’s rho (r) pairwise correlation† analysis between forage variables and Vegetation 
Indices, by season††. 
 
Date Variable Unit SensorIndex r† n 
Summer RFV na L8MSAVI -0.36  24 
Summer RFV na L8SAVI -0.35  24 
Summer RFV na L8EVI -0.35  24 
Summer TDN % SeqMSAVI -0.67 * 12 
Summer TDN % SeqNDVI -0.65 * 12 
Summer WFY kg ha-1 L8MSAVI  0.93 *** 24 
Summer WFY kg ha-1 L8EVI  0.93 *** 24 
Summer WFY kg ha-1 L8SAVI  0.93 *** 24 
Summer WFY kg ha-1 L8NDMI  0.93 *** 24 
Summer WFY kg ha-1 L8NDVI  0.91 *** 24 
Summer WFY kg ha-1 SeqMSAVI  0.87 *** 12 
Summer WFY kg ha-1 SeqNDVI  0.87 *** 12 
Summer WFY kg ha-1 S2NDVI  0.81 *** 24 
Summer WFY kg ha-1 S2SAVI  0.78 *** 24 
Summer WFY kg ha-1 S2MSAVI  0.77 *** 24 
Summer WFY kg ha-1 S2EVI  0.77 *** 24 
Summer WFY kg ha-1 SeqGNDVI  0.76 ** 12 
Summer WFY kg ha-1 GSNDVI  0.67 * 12 
Summer H2O % SeqReNDVI  0.74 ** 12 
Summer H2O % GSNDVI  0.55  12 
Summer H2O % L8SAVI  0.36  24 
Summer H2O % L8MSAVI  0.36  24 
Summer H2O % L8EVI  0.36  24 
Summer H2O % L8NDVI  0.35  24 
 
† Correlations with *, **, and *** significance at the P = 0.05, 0.01, and 0.001 levels, 
respectively, all other correlation coefficient shown are at P < 0.1. 






Pearson’s rho (r) pairwise correlation analysis between forage variables and Vegetation Indices 
by date of forage sampling. 
 
Date Variable Unit SensorIndex r n 
3/25/2016 Ca % CM2RGBIV 0.50 12 
3/25/2016 NDF % L8NDVI 0.59* 12 
3/25/2016 NDF % L8NDVI 0.53 12 
3/25/2016 NDF % L8SAVI 0.53 12 
3/25/2016 RFV Na L8NDVI -0.53 12 
4/15/2016 N % CM2RGBIV 0.53 12 
4/15/2016 N % S2EVI 0.59* 12 
4/15/2016 N % S2GNDVI 0.50 12 
4/15/2016 N % S2MSAVI 0.62* 12 
4/15/2016 N % S2NDVI 0.51 12 
4/15/2016 N % S2SAVI 0.60* 12 
4/15/2016 Ca % CM2RGBIV 0.57 12 
4/15/2016 Ca % S2EVI 0.60* 12 
4/15/2016 Ca % S2GNDVI 0.57 12 
4/15/2016 Ca % S2MSAVI 0.57 12 
4/15/2016 Ca % S2NDVI 0.66* 12 
4/15/2016 Ca % S2SAVI 0.59* 12 
4/15/2016 Mg % S2EVI 0.51 12 
4/15/2016 Mg % S2NDVI 0.57 12 
4/15/2016 DFY kg ha-1 cm2FGCC 0.53 12 
4/15/2016 ADF % CM2RGBIV -0.51 12 
4/15/2016 NDF % CM2RGBIV -0.68* 12 
4/15/2016 RFV n/a CM2RGBIV 0.62* 12 
4/15/2016 TDN % CM2RGBIV 0.55 12 




Appendix F. (Cont.) 
Pearson’s rho (r) pairwise correlation analysis between forage variables 
and Vegetation Indices by date of forage sampling. 
 
Date Variable Unit SensorIndex r n 
7/19/2016 K % L8MSAVI 0.56 12 
7/19/2016 K % L8NDVI 0.58* 12 
7/19/2016 K % L8SAVI 0.56 12 
7/19/2016 Ca % S2EVI 0.68* 12 
7/19/2016 Ca % S2GNDVI 0.79** 12 
7/19/2016 Ca % S2MSAVI 0.66* 12 
7/19/2016 Ca % S2NDVI 0.69* 12 
7/19/2016 Ca % S2SAVI 0.66* 12 
7/19/2016 Mg % L8EVI 0.56 12 
7/19/2016 Mg % L8MSAVI 0.51 12 
7/19/2016 Mg % L8NDVI 0.5 12 
7/19/2016 Mg % L8SAVI 0.51 12 
7/19/2016 DFY kg ha-1 L8EVI 0.71* 12 
7/19/2016 DFY kg ha-1 L8MSAVI 0.73** 12 
7/19/2016 DFY kg ha-1 L8NDVI 0.72** 12 
7/19/2016 DFY kg ha-1 L8SAVI 0.73** 12 
7/19/2016 NDF % S2EVI -0.54 12 
7/19/2016 NDF % S2GNDVI -0.63* 12 
7/19/2016 NDF % S2MSAVI -0.51 12 
7/19/2016 NDF % S2NDVI -0.55 12 
7/19/2016 NDF % S2SAVI -0.52 12 
7/19/2016 RFV n/a S2EVI 0.53 12 
7/19/2016 RFV n/a S2GNDVI 0.6* 12 
7/19/2016 RFV n/a S2MSAVI 0.5 12 




Appendix F. (Cont.) 
Pearson’s rho (r) pairwise correlation analysis between forage variables 
and Vegetation Indices by date of forage sampling. 
 
Date Variable Unit SensorIndex r n 
7/19/2016 RFV n/a S2SAVI 0.51 12 
5/20/2017 N % GSNDVI 0.52 12 
5/20/2017 N % L8NDVI 0.51 12 
5/20/2017 N % SeqMSAVI 0.5 12 
5/20/2017 Mg % L8NDVI 0.53 12 
5/20/2017 Mg % SeqMSAVI 0.58 12 
5/20/2017 Mg % SeqReNDVI -0.66* 12 
5/20/2017 ADF % L8NDVI -0.51 12 
5/20/2017 NDF % L8EVI -0.53 12 
5/20/2017 NDF % L8MSAVI -0.56 12 
5/20/2017 NDF % L8NDVI -0.59* 12 
5/20/2017 NDF % L8SAVI -0.55 12 
5/20/2017 NDF % SeqMSAVI -0.7* 12 
5/20/2017 RFV n/a L8EVI 0.54 12 
5/20/2017 RFV n/a L8MSAVI 0.57 12 
5/20/2017 RFV n/a L8NDVI 0.61* 12 
5/20/2017 RFV n/a L8SAVI 0.56 12 
5/20/2017 RFV n/a SeqMSAVI 0.55 12 
5/20/2017 TDN % L8MSAVI 0.51 12 
5/20/2017 TDN % L8NDVI 0.56 12 
7/19/2017 N % SeqMSAVI -0.68* 12 
7/19/2017 N % SeqNDVI -0.64* 12 
7/19/2017 P % GSNDVI 0.59* 12 
7/19/2017 P % L8EVI 0.75** 12 




Appendix F. (Cont.) 
Pearson’s rho (r) pairwise correlation analysis between forage variables 
and Vegetation Indices by date of forage sampling. 
 
Date Variable Unit SensorIndex r n 
7/19/2017 P % L8NDVI 0.73** 12 
7/19/2017 P % L8SAVI 0.74** 12 
7/19/2017 P % SeqGNDVI 0.63* 12 
7/19/2017 P % SeqNDVI 0.59* 12 
7/19/2017 K % L8EVI 0.61* 12 
7/19/2017 K % L8MSAVI 0.6* 12 
7/19/2017 K % L8NDVI 0.6* 12 
7/19/2017 K % L8SAVI 0.6* 12 
7/19/2017 Ca % GSNDVI -0.5 12 
7/19/2017 Ca % L8EVI -0.81** 12 
7/19/2017 Ca % L8MSAVI -0.8** 12 
7/19/2017 Ca % L8NDVI -0.77** 12 
7/19/2017 Ca % L8SAVI -0.8** 12 
7/19/2017 Ca % SeqGNDVI -0.68* 12 
7/19/2017 Ca % SeqMSAVI -0.69* 12 
7/19/2017 Ca % SeqNDVI -0.72** 12 
7/19/2017 DFY kg ha-1 L8EVI 0.85** 12 
7/19/2017 DFY kg ha-1 L8MSAVI 0.85** 12 
7/19/2017 DFY kg ha-1 L8NDVI 0.83** 12 
7/19/2017 DFY kg ha-1 L8SAVI 0.85** 12 
7/19/2017 DFY kg ha-1 SeqGNDVI 0.78** 12 
7/19/2017 DFY kg ha-1 SeqMSAVI 0.82** 12 
7/19/2017 DFY kg ha-1 SeqNDVI 0.80** 12 
7/19/2017 ADF % GSNDVI 0.52 12 




Appendix F. (Cont.) 
Pearson’s rho (r) pairwise correlation analysis between forage variables 
and Vegetation Indices by date of forage sampling. 
 
Date Variable Unit SensorIndex r n 
7/19/2017 ADF % L8MSAVI 0.65* 12 
7/19/2017 ADF % L8NDVI 0.68* 12 
7/19/2017 ADF % L8SAVI 0.65* 12 
7/19/2017 ADF % SeqMSAVI 0.61* 12 
7/19/2017 ADF % SeqNDVI 0.75** 12 
7/19/2017 NDF % L8EVI 0.69* 12 
7/19/2017 NDF % L8MSAVI 0.69* 12 
7/19/2017 NDF % L8NDVI 0.69* 12 
7/19/2017 NDF % L8SAVI 0.69* 12 
7/19/2017 NDF % SeqGNDVI 0.53 12 
7/19/2017 NDF % SeqMSAVI 0.67* 12 
7/19/2017 NDF % SeqNDVI 0.72** 12 
7/19/2017 RFV n/a GSNDVI -0.5 12 
7/19/2017 RFV n/a L8EVI -0.68* 12 
7/19/2017 RFV n/a L8MSAVI -0.68* 12 
7/19/2017 RFV n/a L8NDVI -0.69* 12 
7/19/2017 RFV n/a L8SAVI -0.68* 12 
7/19/2017 RFV n/a SeqGNDVI -0.52 12 
7/19/2017 RFV n/a SeqMSAVI -0.63* 12 
7/19/2017 RFV n/a SeqNDVI -0.72** 12 
7/19/2017 TDN % L8EVI -0.65* 12 
7/19/2017 TDN % L8MSAVI -0.65* 12 
7/19/2017 TDN % L8NDVI -0.67* 12 
7/19/2017 TDN % L8SAVI -0.65* 12 
7/19/2017 TDN % SeqMSAVI -0.67* 12 







This appendix contains the spreadsheet of soil physical and chemical data that was evaluated for 
this study. 











2015 1 Control 5 5.48 88.20 24.60 117.00 678.00 53.40 15.80 18.40 199.40 218.80 
2015 1 Ring 5 5.74 75.80 32.00 105.40 645.00 56.40 10.20 10.60 167.80 210.40 
2015 1 Unroll 5 5.52 69.80 47.40 66.80 598.40 41.20 15.60 14.60 154.40 203.20 
2015 2 Control 5 5.72 80.40 22.80 86.60 826.20 67.20 12.20 15.20 189.60 138.80 
2015 2 Ring 5 5.56 78.60 29.20 68.80 647.00 69.20 11.00 11.00 192.80 152.60 
2015 2 Unroll 5 5.82 73.60 20.20 57.60 814.60 73.80 12.20 24.20 172.40 154.00 
2015 3 Control 5 5.72 76.80 18.40 50.40 763.40 64.60 11.20 15.60 177.40 192.80 
2015 3 Ring 5 5.82 73.00 22.40 83.00 936.00 81.00 12.60 14.80 171.20 200.60 
2015 3 Unroll 5 5.82 91.00 33.80 78.40 1016.20 86.20 13.40 17.60 176.60 194.20 
2015 4 Control 4 5.93 81.50 56.25 107.25 863.25 77.00 14.25 15.50 152.50 175.25 
2015 4 Ring 5 5.84 69.60 27.60 103.60 794.40 58.20 11.40 14.00 153.80 186.40 
2015 4 Unroll 5 5.66 76.60 39.20 124.60 589.80 46.60 13.20 16.40 151.20 168.20 
2017 1 Control 5 5.48 52.80 19.80 88.00 801.80 64.80 8.40 13.80 151.00 92.40 
2017 1 Ring 12 5.44 91.83 28.42 181.00 798.67 78.25 10.58 10.17 127.50 109.08 
2017 1 Unroll 5 5.80 105.00 52.00 232.80 991.00 89.20 11.40 11.80 108.60 119.20 
2017 2 Control 5 5.54 58.40 12.20 84.80 891.40 79.20 7.60 15.60 175.40 57.20 
2017 2 Ring 12 5.39 71.08 20.00 117.42 775.17 85.83 9.58 13.75 142.25 75.42 
2017 2 Unroll 5 5.44 80.40 19.40 142.60 881.20 93.20 8.80 12.20 135.00 78.60 
2017 3 Control 5 5.64 56.40 14.80 89.60 927.80 82.80 7.20 11.80 115.60 91.80 
2017 3 Ring 12 5.79 82.83 18.67 168.33 1024.00 101.75 8.50 17.92 109.67 95.50 
2017 3 Unroll 5 5.72 85.80 23.80 175.20 1078.80 111.80 9.60 22.80 119.40 104.20 
2017 4 Control 5 5.70 65.20 42.60 123.00 1013.40 86.20 8.20 8.40 100.00 90.40 
2017 4 Ring 12 5.73 85.75 31.67 193.58 999.58 87.17 8.25 8.92 109.42 86.17 








Appendix G. (Cont.) 
This appendix contains the spreadsheet of soil physical and chemical data that was evaluated 
for this study. 
 
Year Block Trt. n M3-Zn 
M3-





2015 1 C 5 2.00 3.42 0.053 292.12 972.42 1.3012 0.0307 
2015 1 RF 5 2.86 3.90 0.040 376.94 1314.00 1.2650 0.0310 
2015 1 UF 5 2.50 3.78 0.028 356.68 1256.40 1.1692 0.0308 
2015 2 C 5 2.22 3.38 0.116 281.04 971.86 1.3318 0.0267 
2015 2 RF 5 3.08 3.98 0.075 343.74 1087.02 1.2934 0.0296 
2015 2 UF 5 2.40 4.12 0.188 271.64 883.30 1.3740 0.0264 
2015 3 C 5 2.40 3.96 0.080 273.38 918.58 1.3724 0.0264 
2015 3 RF 5 2.80 3.94 0.168 280.72 994.08 1.3410 0.0263 
2015 3 UF 5 3.76 5.20 0.190 344.96 1266.62 1.2656 0.0317 
2015 4 C 4 4.00 4.63 0.060 387.83 1157.13 1.3030 0.0299 
2015 4 RF 5 2.32 3.94 0.063 295.34 932.26 1.3010 0.0274 
2015 4 UF 5 2.46 3.30 0.043 325.82 1060.74 1.3140 0.0262 
2017 1 C 5 2.40 2.50 2.612 317.74 1218.40 1.2598 0.0271 
2017 1 RF 12 2.95 2.45 2.658 357.73 1315.41 1.2582 0.0286 
2017 1 UF 5 3.92 3.34 2.758 453.76 1527.10 1.1272 0.0326 
2017 2 C 5 2.08 1.98 2.618 281.82 1194.04 1.2256 0.0275 
2017 2 RF 12 2.62 2.23 2.581 310.63 1203.68 1.2832 0.0266 
2017 2 UF 5 2.58 2.40 2.576 281.00 1162.62 1.2804 0.0275 
2017 3 C 5 2.46 2.22 0.934 273.76 1194.06 1.2938 0.0246 
2017 3 RF 12 2.71 2.38 1.643 274.45 1374.61 1.3128 0.0269 
2017 3 UF 5 3.02 2.66 2.714 324.10 1528.96 1.2210 0.0284 
2017 4 C 5 3.56 2.68 0.988 394.16 1933.56 1.2836 0.0300 
2017 4 RF 12 3.04 2.52 0.949 345.73 1323.27 1.2830 0.0263 





This appendix contains the soil health tool results from the study that were used in SAS for statistical analysis.  














2015 C 1 15.60 4.59 10.53 47.30 57.00 33.60 104.00 37.00 39.00 10.80 4.80 
2015 RF 1 28.40 5.93 13.58 36.90 44.50 36.40 92.00 34.00 52.00 11.80 16.60 
2015 UF 1 42.10 17.42 39.92 33.30 40.10 58.80 78.00 8.00 56.00 15.20 26.80 
2015 C 2 30.50 6.84 15.67 17.30 20.90 30.50 90.00 32.00 75.00 7.90 22.60 
2015 RF 2 28.60 6.06 13.89 24.50 29.60 31.50 91.00 34.00 66.00 12.00 16.60 
2015 UF 2 32.60 7.19 16.48 18.90 22.80 32.50 87.00 32.00 73.00 9.40 23.20 
2015 C 3 23.40 6.21 14.23 20.20 24.40 27.80 97.00 34.00 72.00 7.40 15.90 
2015 RF 3 34.40 6.07 13.91 31.20 37.60 36.70 86.00 34.00 58.00 17.20 17.20 
2015 UF 3 37.80 9.90 22.69 22.20 26.70 40.40 82.00 25.00 69.00 14.10 23.70 
2015 C 4 34.10 12.40 28.43 46.70 56.20 53.20 86.00 20.00 40.00 15.50 18.70 
2015 RF 4 22.90 7.76 17.78 40.80 49.20 38.80 97.00 30.00 47.00 9.20 13.70 
2015 UF 4 29.30 7.71 17.66 54.50 65.60 47.10 91.00 30.00 30.00 14.40 14.90 
2017 C 1 51.40 0.96 2.20 26.90 32.40 33.40 69.00 46.00 64.00 15.70 35.70 
2017 RF 1 51.53 1.52 3.48 52.03 62.70 45.00 68.67 44.67 33.33 20.57 30.93 
2017 UF 1 61.20 5.88 13.47 70.20 84.60 63.50 59.00 35.00 11.00 25.30 35.90 
2017 C 2 42.80 2.21 5.06 25.70 30.90 31.50 77.00 43.00 65.00 12.00 30.80 
2017 RF 2 41.80 0.84 1.92 35.13 42.33 32.90 78.00 46.33 54.00 12.80 29.00 
2017 UF 2 46.00 1.20 2.74 44.40 53.50 39.00 74.00 45.00 43.00 18.00 28.10 
2017 C 3 40.80 0.72 1.65 25.20 30.30 28.10 79.00 46.00 66.00 14.70 26.20 
2017 RF 3 50.93 0.70 1.60 44.57 53.70 40.30 69.00 46.33 42.33 15.80 35.17 
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2017 C 4 46.20 4.67 10.69 39.50 47.60 42.60 74.00 37.00 48.00 13.70 32.50 
2017 RF 4 51.10 3.10 7.11 57.10 68.80 49.47 68.67 41.00 27.00 15.37 35.70 
2017 UF 4 53.00 4.51 10.34 58.90 70.90 53.30 67.00 38.00 25.00 17.30 35.70  
2017 RFO 1 60.5 0.84 1.93 43.9 52.9 44.1 60.00 46.00 43.00 20.4 40.0 
2017 RF1 1 59.3 1.79 4.09 60.4 72.8 52.1 61.00 44.00 23.00 25.2 34.1 
2017 RF2 1 34.8 1.93 4.41 51.8 62.4 38.8 85.00 44.00 34.00 16.1 18.7 
2017 RFO 2 42.0 0.07 0.16 31.9 38.4 30.4 78.00 48.00 58.00 11.4 30.6 
2017 RF1 2 50.8 1.92 4.41 42.7 51.5 41.4 69.00 44.00 45.00 17.8 33.0 
2017 RF2 2 32.6 0.52 1.19 30.8 37.1 26.9 87.00 47.00 59.00 9.2 23.4 
2017 RFO 3 52.7 0.53 1.21 39.2 47.3 38.5 67.00 47.00 49.00 16.7 36.0 
2017 RF1 3 53.4 0.66 1.50 54.9 66.1 45.5 67.00 46.00 30.00 17.7 35.7 
2017 RF2 3 46.7 0.91 2.09 39.6 47.7 36.9 73.00 46.00 48.00 13.0 33.8 
2017 RFO 4 52.9 2.80 6.42 54.8 66.0 48.7 67.00 42.00 30.00 16.3 36.6 
2017 RF1 4 45.8 4.05 9.28 63.5 76.6 51.6 74.00 39.00 19.00 11.7 34.1 







This appendix contains table of forage properties used in SAS and JMP in this study.  









26Mar 2016 UF 1 2.91 0.36 2.65 0.53 0.14 0.24 
26Mar 2016 RF 1 2.60 0.31 2.28 0.57 0.14 0.21 
26Mar 2016 RF 1 2.50 0.31 2.13 0.51 0.14 0.19 
26Mar 2016 C 1 2.39 0.24 1.59 0.66 0.14 0.20 
26Mar 2016 RF 2 2.81 0.32 2.10 0.64 0.15 0.24 
26Mar 2016 RF 2 2.69 0.44 2.60 0.60 0.17 0.21 
26Mar 2016 UF 2 2.85 0.34 2.42 0.64 0.14 0.22 
26Mar 2016 C 2 2.62 0.27 1.79 0.79 0.15 0.21 
26Mar 2016 C 3 2.79 0.33 2.15 0.67 0.14 0.22 
26Mar 2016 RF 3 2.43 0.23 1.55 0.58 0.13 0.20 
26Mar 2016 RF 3 2.82 0.33 2.14 0.58 0.17 0.21 
26Mar 2016 UF 3 2.88 0.32 2.34 0.61 0.15 0.22 
26Mar 2016 UF 4 3.26 0.36 2.69 0.60 0.14 0.23 
26Mar 2016 C 4 2.41 0.29 1.63 0.71 0.15 0.18 
26Mar 2016 RF 4 3.26 0.39 2.70 0.66 0.15 0.24 
26Mar 2016 RF 4 2.80 0.29 1.98 0.56 0.14 0.22 
14Apr 2016 UF 1 2.50 0.35 2.60 0.61 0.16 0.20 
14Apr 2016 RF 1 2.16 0.32 2.36 0.58 0.15 0.19 
14Apr 2016 RF 1 1.93 0.21 1.45 0.48 0.12 0.15 
14Apr 2016 C 1 2.31 0.31 2.22 0.73 0.18 0.20 
14Apr 2016 RF 2 2.51 0.32 2.22 0.73 0.18 0.20 
14Apr 2016 RF 2 2.45 0.30 2.15 0.58 0.14 0.20 
14Apr 2016 UF 2 2.28 0.31 2.33 0.63 0.15 0.20 
14Apr 2016 C 2 2.61 0.29 1.85 0.98 0.21 0.21 
14Apr 2016 C 3 2.30 0.30 2.17 0.72 0.16 0.18 
14Apr 2016 RF 3 2.35 0.30 2.20 0.62 0.16 0.19 
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14Apr 2016 RF 3 2.32 0.33 2.11 0.60 0.18 0.20 
14Apr 2016 UF 3 2.42 0.34 2.76 0.70 0.17 0.20 
14Apr 2016 UF 4 2.71 0.36 3.19 0.66 0.15 0.21 
14Apr 2016 C 4 2.73 0.34 2.29 0.83 0.19 0.19 
4Apr 2016 RF 4 3.26 0.39 2.70 0.66 0.15 0.24 
4Apr 2016 RF 4 2.80 0.29 1.98 0.56 0.14 0.22 
20Jul 2016 UF 1 1.71 0.28 1.63 0.61 0.18 0.15 
20Jul 2016 RF 1 2.58 0.37 2.71 0.83 0.26 0.21 
20Jul 2016 RF 1 1.59 0.24 1.46 0.75 0.18 0.15 
20Jul 2016 C 1 1.96 0.25 1.58 1.32 0.20 0.28 
20Jul 2016 RF 2 2.17 0.26 1.17 1.07 0.29 0.19 
20Jul 2016 RF 2 1.86 0.23 1.38 0.62 0.20 0.15 
20Jul 2016 UF 2 1.86 0.28 1.56 0.85 0.21 0.18 
20Jul 2016 C 2 2.30 0.31 1.41 1.50 0.23 0.28 
20Jul 2016 C 3 1.98 0.32 2.09 1.24 0.24 0.25 
20Jul 2016 RF 3 1.89 0.28 1.72 0.89 0.22 0.16 
20Jul 2016 RF 3 1.82 0.29 1.81 0.94 0.23 0.17 
20Jul 2016 UF 3 1.95 0.27 1.71 0.84 0.22 0.16 
20Jul 2016 UF 4 1.92 0.29 2.09 0.68 0.23 0.15 
20Jul 2016 C 4 2.13 0.37 2.25 0.80 0.26 0.18 
20Jul 2016 RF 4 1.71 0.23 1.58 0.74 0.21 0.16 
20Jul 2016 RF 4 2.28 0.35 2.57 1.10 0.30 0.21 
20May 2017 UF 1 2.23 0.37 2.20 0.60 0.18 0.19 
20May 2017 RF 1 2.53 0.37 2.46 0.77 0.20 0.20 
20May 2017 RF 1 2.32 0.39 2.28 0.67 0.19 0.21 
20May 2017 RF 1 1.87 0.34 2.18 0.42 0.15 0.19 
20May 2017 C 1 2.58 0.36 2.07 0.71 0.20 0.20 
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20May 2017 RF 2 2.18 0.36 2.01 0.51 0.18 0.19 
20May 2017 RF 2 2.00 0.36 2.21 0.53 0.17 0.20 
20May 2017 RF 2 2.10 0.35 1.94 0.53 0.18 0.20 
20May 2017 UF 2 2.53 0.38 2.40 0.70 0.20 0.20 
20May 2017 C 2 2.61 0.33 1.94 0.84 0.20 0.22 
20May 2017 C 3 2.42 0.34 1.97 0.69 0.19 0.18 
20May 2017 RF 3 2.04 0.35 2.24 0.51 0.17 0.19 
20May 2017 RF 3 2.34 0.35 2.38 0.69 0.19 0.20 
20May 2017 RF 3 2.39 0.35 2.30 0.71 0.19 0.19 
20May 2017 UF 3 2.14 0.38 2.43 0.71 0.19 0.19 
20May 2017 UF 4 2.04 0.38 2.40 0.50 0.17 0.20 
20May 2017 C 4 2.37 0.37 2.13 0.68 0.19 0.20 
20May 2017 RF 4 1.89 0.36 2.18 0.48 0.17 0.19 
20May 2017 RF 4 2.09 0.38 2.75 0.55 0.18 0.20 
20May 2017 RF 4 2.04 0.36 2.32 0.60 0.18 0.20 
19July 2017 UF 1 2.79 0.31 2.35 1.05 0.28 0.17 
19July 2017 RF 1 2.65 0.31 2.45 1.10 0.27 0.19 
19July 2017 RF 1 2.57 0.31 2.18 1.15 0.29 0.21 
19July 2017 RF 1 2.36 0.28 1.80 0.87 0.22 0.16 
19July 2017 C 1 2.61 0.29 1.99 1.07 0.27 0.22 
19July 2017 RF 2 2.38 0.28 1.97 0.94 0.28 0.17 
19July 2017 RF 2 2.44 0.29 2.55 1.03 0.26 0.20 
19July 2017 RF 2 2.18 0.27 1.81 0.81 0.21 0.21 
19July 2017 UF 2 2.84 0.31 2.21 1.17 0.32 0.19 
19July 2017 C 2 2.53 0.26 1.88 1.39 0.24 0.25 
19July 2017 C 3 2.56 0.32 2.40 1.06 0.31 0.19 
19July 2017 RF 3 2.28 0.29 2.37 0.84 0.28 0.18 
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19July 2017 RF 3 2.59 0.30 2.00 1.16 0.26 0.21 
19July 2017 RF 3 2.77 0.32 2.38 1.25 0.31 0.19 
19July 2017 UF 3 2.56 0.32 2.65 0.88 0.27 0.18 
19July 2017 UF 4 2.41 0.34 2.66 0.86 0.29 0.18 
19July 2017 C 4 2.22 0.32 2.13 0.84 0.28 0.18 
19July 2017 RF 4 2.50 0.34 2.16 1.01 0.29 0.22 
19July 2017 RF 4 1.93 0.30 1.91 0.57 0.19 0.21 
19July 2017 RF 4 2.66 0.32 2.59 1.06 0.29 0.18 





This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block H' D GSNDVI SeqNDVI SeqMSAVI SeqReNDVI L8EVI L8MSAVI L8SAVI L8NDMI L8NDVI 
5/20/2017 B01T03 C 1 - - 0.7706 0.9304 0.7706 0.2837 0.8046 0.7644 0.6946 0.4856 0.8830 
5/20/2017 B01T02 RF 1 - - 0.7589 0.9325 0.7589 0.3366 0.7865 0.7497 0.6832 0.4922 0.8780 
5/20/2017 B01T01 UF 1 - - 0.7536 0.9389 0.7536 0.3667 0.7823 0.7436 0.6799 0.4825 0.8730 
5/20/2017 B02T03 C 2 - - 0.7203 0.8994 0.7203 0.2292 0.8005 0.7634 0.6930 0.4925 0.8845 
5/20/2017 B02T01 RF 2 - - 0.7584 0.8960 0.7584 0.2295 0.7985 0.7588 0.6904 0.4872 0.8807 
5/20/2017 B02T02 UF 2 - - 0.7536 0.9092 0.7536 0.2368 0.7994 0.7580 0.6902 0.4919 0.8797 
5/20/2017 B03T01 C 3 - - 0.7522 0.9284 0.7522 0.2805 0.7536 0.7201 0.6608 0.4710 0.8693 
5/20/2017 B03T02 RF 3 - - 0.7425 0.8885 0.7425 0.2404 0.7515 0.7164 0.6597 0.4649 0.8624 
5/20/2017 B03T03 UF 3 - - 0.7370 0.9037 0.7370 0.2483 0.7639 0.7293 0.6682 0.4856 0.8704 
5/20/2017 B04T02 C 4 - - 0.7570 0.9391 0.7570 0.3501 0.7481 0.7138 0.6563 0.4702 0.8661 
5/20/2017 B04T03 RF 4 - - 0.7554 0.9273 0.7554 0.2975 0.7661 0.7294 0.6682 0.4770 0.8706 
5/20/2017 B04T01 UF 4 - - 0.7440 0.9385 0.7440 0.3638 0.7570 0.7214 0.6627 0.4748 0.8662 
7/19/2017 B01T03 C 1 1.978 0.832 0.7300 0.7389 0.5218 0.4502 0.6226 0.5822 0.5622 0.2774 0.7978 
7/19/2017 B01T02 RF 1 2.324 0.869 0.6783 0.7099 0.4962 0.4383 0.5991 0.5557 0.5425 0.2502 0.7830 
7/19/2017 B01T01 UF 1 1.795 0.773 0.7000 0.7308 0.5049 0.4480 0.6153 0.5692 0.5529 0.2540 0.7866 
7/19/2017 B02T03 C 2 1.592 0.744 0.6675 0.7055 0.5030 0.4537 0.5516 0.5165 0.5127 0.2217 0.7614 
7/19/2017 B02T01 RF 2 2.406 0.874 0.7067 0.7377 0.5070 0.4454 0.6084 0.5692 0.5526 0.2699 0.7897 






Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block H' D GSNDVI SeqNDVI SeqMSAVI SeqReNDVI L8EVI L8MSAVI L8SAVI L8NDMI L8NDVI 
7/19/2017 B03T01 C 3 1.767 0.775 0.7775 0.7879 0.5377 0.4523 0.6595 0.6154 0.5860 0.3145 0.8206 
7/19/2017 B03T02 RF 3 2.004 0.806 0.7183 0.7397 0.5066 0.4354 0.6213 0.5816 0.5612 0.2991 0.8018 
7/19/2017 B03T03 UF 3 1.587 0.731 0.7450 0.7622 0.5664 0.4598 0.6521 0.6092 0.5815 0.3140 0.8146 
7/19/2017 B04T02 C 4 1.837 0.735 0.7400 0.7910 0.5716 0.4451 0.6412 0.5961 0.5724 0.2941 0.8061 
7/19/2017 B04T03 RF 4 1.789 0.766 0.7533 0.7813 0.5928 0.4515 0.6877 0.6419 0.6058 0.3298 0.8289 
7/19/2017 B04T01 UF 4 1.693 0.670 0.7100 0.7808 0.5536 0.4535 0.6665 0.6234 0.5924 0.3195 0.8199 
3/25/2016 B01T03 C 1 - - - - - - 0.5380 0.5059 0.5047 0.2092 0.6992 
3/25/2016 B01T02 RF 1 - - - - - - 0.5179 0.4854 0.4875 0.1873 0.6536 
3/25/2016 B01T01 UF 1 - - - - - - 0.5377 0.5032 0.5023 0.2188 0.6955 
3/25/2016 B02T03 C 2 - - - - - - 0.5335 0.5080 0.5065 0.2125 0.6862 
3/25/2016 B02T01 RF 2 - - - - - - 0.5311 0.5026 0.5020 0.2013 0.6987 
3/25/2016 B02T02 UF 2 - - - - - - 0.4800 0.4584 0.4648 0.1604 0.6262 
3/25/2016 B03T01 C 3 - - - - - - 0.5299 0.5029 0.5021 0.1997 0.6999 
3/25/2016 B03T02 RF 3 - - - - - - 0.4909 0.4654 0.4714 0.1670 0.6623 
3/25/2016 B03T03 UF 3 - - - - - - 0.4740 0.4508 0.4580 0.1689 0.6111 
3/25/2016 B04T02 C 4 - - - - - - 0.5563 0.5242 0.5194 0.2245 0.7139 
3/25/2016 B04T03 RF 4 - - - - - - 0.5312 0.5043 0.5035 0.2012 0.6864 





Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block H' D GSNDVI SeqNDVI SeqMSAVI SeqReNDVI L8EVI L8MSAVI L8SAVI L8NDMI L8NDVI 
4/15/2016 B01T03 C 1 - - - - - - - - - - - 
4/15/2016 B01T02 RF 1 - - - - - - - - - - - 
4/15/2016 B01T01 UF 1 - - - - - - - - - - - 
4/15/2016 B02T03 C 2 - - - - - - - - - - - 
4/15/2016 B02T01 RF 2 - - - - - - - - - - - 
4/15/2016 B02T02 UF 2 - - - - - - - - - - - 
4/15/2016 B03T01 C 3 - - - - - - - - - - - 
4/15/2016 B03T02 RF 3 - - - - - - - - - - - 
4/15/2016 B03T03 UF 3 - - - - - - - - - - - 
4/15/2016 B04T02 C 4 - - - - - - - - - - - 
4/15/2016 B04T03 RF 4 - - - - - - - - - - - 
4/15/2016 B04T01 UF 4 - - - - - - - - - - - 
7/20/2016 B01T03 C 1 1.855 0.789 - - - - 0.3544 0.3136 0.3329 0.0197 0.4613 
7/20/2016 B01T02 RF 1 0.926 0.481 - - - - 0.3410 0.3020 0.3212 0.0153 0.4417 
7/20/2016 B01T01 UF 1 0.687 0.249 - - - - 0.3442 0.3040 0.3241 0.0179 0.4542 
7/20/2016 B02T03 C 2 1.613 0.714 - - - - 0.3599 0.3133 0.3328 0.0058 0.4637 
7/20/2016 B02T01 RF 2 1.415 0.635 - - - - 0.3565 0.3142 0.3331 0.0200 0.4591 





Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block H' D GSNDVI SeqNDVI SeqMSAVI SeqReNDVI L8EVI L8MSAVI L8SAVI L8NDMI L8NDVI 
7/20/2016 B03T01 C 3 1.531 0.676 - - - - 0.3945 0.3579 0.3755 0.0459 0.5295 
7/20/2016 B03T02 RF 3 1.697 0.717 - - - - 0.3972 0.3649 0.3817 0.0492 0.5360 
7/20/2016 B03T03 UF 3 1.753 0.737 - - - - 0.3913 0.3660 0.3818 0.0581 0.5326 
7/20/2016 B04T02 C 4 1.460 0.581 - - - - 0.3894 0.3542 0.3715 0.0414 0.5270 
7/20/2016 B04T03 RF 4 1.469 0.694 - - - - 0.3982 0.3633 0.3800 0.0566 0.5322 
7/20/2016 B04T01 UF 4 1.388 0.650 - - - - 0.4039 0.3659 0.3824 0.0573 0.5408 
 
Date Sample ID Treatment Block S2NDVI S2EVI S2MSAVI S2SAVI S2GNDVI CM2RGBVI CM2_CCFF N2NDVI 
5/20/2017 B01T03 C 1 0.8847 0.7693 0.6585 0.6746 - - - - 
5/20/2017 B01T02 RF 1 0.8758 0.7611 0.6497 0.6671 - - - - 
5/20/2017 B01T01 UF 1 0.8842 0.7716 0.6601 0.6759 - - - - 
5/20/2017 B02T03 C 2 0.8803 0.7547 0.6464 0.6649 - - - - 
5/20/2017 B02T01 RF 2 0.8782 0.7654 0.6538 0.6704 - - - - 
5/20/2017 B02T02 UF 2 0.8869 0.7713 0.6627 0.6781 - - - - 
5/20/2017 B03T01 C 3 0.8783 0.7437 0.6377 0.6579 - - - - 
5/20/2017 B03T02 RF 3 0.8549 0.7234 0.6222 0.6440 - - - - 
5/20/2017 B03T03 UF 3 0.8842 0.7613 0.6539 0.6711 - - - - 





Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block S2NDVI S2EVI S2MSAVI S2SAVI S2GNDVI CM2RGBVI CM2_CCFF N2NDVI 
5/20/2017 B04T03 RF 4 0.8693 0.7527 0.6438 0.6619 - - - - 
5/20/2017 B04T01 UF 4 0.8702 0.7331 0.6287 0.6502 - - - - 
7/19/2017 B01T03 C 1 0.7195 0.7430 0.4567 0.4977 - - - - 
7/19/2017 B01T02 RF 1 0.6943 0.6947 0.4271 0.4703 - - - - 
7/19/2017 B01T01 UF 1 0.6655 0.6533 0.4031 0.4468 - - - - 
7/19/2017 B02T03 C 2 0.7228 0.7498 0.4595 0.5004 - - - - 
7/19/2017 B02T01 RF 2 0.6981 0.7069 0.4351 0.4772 - - - - 
7/19/2017 B02T02 UF 2 0.7080 0.7257 0.4466 0.4880 - - - - 
7/19/2017 B03T01 C 3 0.7112 0.7262 0.4458 0.4877 - - - - 
7/19/2017 B03T02 RF 3 0.7036 0.7130 0.4369 0.4795 - - - - 
7/19/2017 B03T03 UF 3 0.7142 0.7328 0.4502 0.4917 - - - - 
7/19/2017 B04T02 C 4 0.6980 0.7016 0.4276 0.4712 - - - - 
7/19/2017 B04T03 RF 4 0.6980 0.7068 0.4345 0.4767 - - - - 
7/19/2017 B04T01 UF 4 0.6462 0.6180 0.3833 0.4278 - - - - 
3/25/2016 B01T03 C 1 - - - - - 0.2445 38.6300 - 
3/25/2016 B01T02 RF 1 - - - - - 0.0757 15.4225 - 
3/25/2016 B01T01 UF 1 - - - - - 0.2442 33.2000 - 





Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block S2NDVI S2EVI S2MSAVI S2SAVI S2GNDVI CM2RGBVI CM2_CCFF N2NDVI 
3/25/2016 B02T01 RF 2 - - - - - 0.1693 18.5900 - 
3/25/2016 B02T02 UF 2 - - - - - 0.2047 19.6675 - 
3/25/2016 B03T01 C 3 - - - - - 0.2304 26.7400 - 
3/25/2016 B03T02 RF 3 - - - - - 0.1318 14.3050 - 
3/25/2016 B03T03 UF 3 - - - - - 0.1765 18.3250 - 
3/25/2016 B04T02 C 4 - - - - - 0.2725 31.2150 - 
3/25/2016 B04T03 RF 4 - - - - - 0.1926 19.7600 - 
3/25/2016 B04T01 UF 4 - - - - - 0.2546 26.2125 - 
4/15/2016 B01T03 C 1 0.6889 0.7198 0.4630 0.4996 0.5854 0.3460 53.7550 0.6319 
4/15/2016 B01T02 RF 1 0.6175 0.6367 0.4205 0.4557 0.5578 0.1992 23.2925 0.5165 
4/15/2016 B01T01 UF 1 0.6324 0.6700 0.4371 0.4709 0.5586 0.3030 43.6750 0.6082 
4/15/2016 B02T03 C 2 0.6821 0.7068 0.4551 0.4922 0.5823 0.3094 31.9025 0.5381 
4/15/2016 B02T01 RF 2 0.6281 0.6479 0.4259 0.4614 0.5629 0.2220 34.3350 0.5000 
4/15/2016 B02T02 UF 2 0.5986 0.6136 0.4096 0.4441 0.5426 0.2971 27.6175 0.5857 
4/15/2016 B03T01 C 3 0.6767 0.6959 0.4464 0.4843 0.5829 0.3227 53.2325 0.6775 
4/15/2016 B03T02 RF 3 0.6077 0.6177 0.4076 0.4437 0.5439 0.1923 25.8225 0.5059 
4/15/2016 B03T03 UF 3 0.6076 0.6346 0.4224 0.4559 0.5473 0.2634 35.6975 0.5770 





Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block S2NDVI S2EVI S2MSAVI S2SAVI S2GNDVI CM2RGBVI CM2_CCFF N2NDVI 
4/15/2016 B04T03 RF 4 0.6536 0.6834 0.4477 0.4827 0.5795 0.2708 50.3475 0.5874 
4/15/2016 B04T01 UF 4 0.6637 0.7082 0.4609 0.4947 0.5760 0.3321 47.3300 0.6238 
7/20/2016 B01T03 C 1 0.5132 0.5213 0.3235 0.3603 0.4875 - - - 
7/20/2016 B01T02 RF 1 0.4835 0.4848 0.3052 0.3407 0.4702 - - - 
7/20/2016 B01T01 UF 1 0.4878 0.4862 0.3043 0.3405 0.4688 - - - 
7/20/2016 B02T03 C 2 0.5235 0.5300 0.3263 0.3641 0.4922 - - - 
7/20/2016 B02T01 RF 2 0.5117 0.5221 0.3245 0.3610 0.4860 - - - 
7/20/2016 B02T02 UF 2 0.4921 0.4938 0.3087 0.3449 0.4756 - - - 
7/20/2016 B03T01 C 3 0.5224 0.5240 0.3233 0.3614 0.4879 - - - 
7/20/2016 B03T02 RF 3 0.5230 0.5244 0.3243 0.3623 0.4890 - - - 
7/20/2016 B03T03 UF 3 0.4741 0.4614 0.2904 0.3264 0.4741 - - - 
7/20/2016 B04T02 C 4 0.5123 0.5132 0.3175 0.3550 0.4825 - - - 
7/20/2016 B04T03 RF 4 0.5011 0.5009 0.3143 0.3509 0.4816 - - - 









Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block N% RFV% TDN% P% K% Ca% Mg% S% WFY DFY  H2O% 
5/20/2017 B01T03 C 1.00 2.58 115.67 61.18 0.36 2.07 0.71 0.20 0.20 8608 1911 77.67 
5/20/2017 B01T02 RF 1.00 2.24 111.86 59.43 0.37 2.31 0.62 0.18 0.20 8494 1859 77.66 
5/20/2017 B01T01 UF 1.00 2.23 102.51 56.14 0.37 2.20 0.60 0.18 0.19 10687 2459 76.96 
5/20/2017 B02T03 C 2.00 2.61 114.03 60.27 0.33 1.94 0.84 0.20 0.22 6340 1219 80.77 
5/20/2017 B02T01 RF 2.00 2.09 100.69 56.20 0.36 2.05 0.52 0.18 0.20 9322 1848 80.09 
5/20/2017 B02T02 UF 2.00 2.53 102.25 58.16 0.38 2.40 0.70 0.20 0.20 11644 2087 82.08 
5/20/2017 B03T01 C 3.00 2.42 104.88 58.09 0.34 1.97 0.69 0.19 0.18 9447 1848 80.43 
5/20/2017 B03T02 RF 3.00 2.26 105.75 57.74 0.35 2.31 0.63 0.18 0.19 7822 1536 79.96 
5/20/2017 B03T03 UF 3.00 2.14 99.42 55.02 0.38 2.43 0.71 0.19 0.19 13238 2512 80.97 
5/20/2017 B04T02 C 4.00 2.37 101.63 57.92 0.37 2.13 0.68 0.19 0.20 9289 1836 80.21 
5/20/2017 B04T03 RF 4.00 2.01 99.13 55.88 0.37 2.41 0.54 0.18 0.20 11448 2216 80.01 
5/20/2017 B04T01 UF 4.00 2.04 93.17 55.39 0.38 2.40 0.50 0.17 0.20 15024 2491 81.43 
7/19/2017 B01T03 C 1.00 2.61 116.49 58.78 0.29 1.99 1.07 0.27 0.22 5319 1743 66.15 
7/19/2017 B01T02 RF 1.00 2.52 103.76 56.36 0.30 2.14 1.04 0.26 0.19 5485 1958 63.74 
7/19/2017 B01T01 UF 1.00 2.79 106.40 57.53 0.31 2.35 1.05 0.28 0.17 5774 1841 68.14 
7/19/2017 B02T03 C 2.00 2.53 117.96 57.85 0.26 1.88 1.39 0.24 0.25 5002 1612 67.68 
7/19/2017 B02T01 RF 2.00 2.33 88.98 52.98 0.28 2.11 0.93 0.25 0.20 5992 1911 67.52 






Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block N% RFV% TDN% P% K% Ca% Mg% S% WFY DFY  H2O% 
7/19/2017 B03T01 C 3.00 2.56 94.03 53.74 0.32 2.40 1.06 0.31 0.19 7829 2047 72.12 
7/19/2017 B03T02 RF 3.00 2.55 93.13 53.63 0.30 2.25 1.08 0.28 0.19 6957 2225 66.99 
7/19/2017 B03T03 UF 3.00 2.56 84.71 53.28 0.32 2.65 0.88 0.27 0.18 7970 2125 71.95 
7/19/2017 B04T02 C 4.00 2.22 80.67 50.62 0.32 2.13 0.84 0.28 0.18 7559 2454 65.54 
7/19/2017 B04T03 RF 4.00 2.36 91.79 53.71 0.32 2.22 0.88 0.25 0.20 8581 2743 68.11 
7/19/2017 B04T01 UF 4.00 2.41 86.83 52.98 0.34 2.66 0.86 0.29 0.18 8164 2524 68.83 
3/25/2016 B01T03 C 1.00 2.39 123.66 62.52 0.24 1.59 0.66 0.14 0.20 178 66 62.78 
3/25/2016 B01T02 RF 1.00 2.55 142.63 64.52 0.31 2.21 0.54 0.14 0.20 322 93 71.20 
3/25/2016 B01T01 UF 1.00 2.91 172.63 68.95 0.36 2.65 0.53 0.14 0.24 389 103 73.59 
3/25/2016 B02T03 C 2.00 2.62 137.84 65.64 0.27 1.79 0.79 0.15 0.21 182 59 67.65 
3/25/2016 B02T01 RF 2.00 2.75 152.08 68.15 0.38 2.35 0.62 0.16 0.22 213 62 71.08 
3/25/2016 B02T02 UF 2.00 2.85 166.47 68.47 0.34 2.42 0.64 0.14 0.22 447 125 72.11 
3/25/2016 B03T01 C 3.00 2.79 129.39 63.27 0.33 2.15 0.67 0.14 0.22 533 163 69.40 
3/25/2016 B03T02 RF 3.00 2.62 132.58 63.25 0.28 1.84 0.58 0.15 0.21 407 128 68.45 
3/25/2016 B03T03 UF 3.00 2.88 158.93 66.77 0.32 2.34 0.61 0.15 0.22 750 212 71.77 
3/25/2016 B04T02 C 4.00 2.41 116.98 60.09 0.29 1.63 0.71 0.15 0.18 291 90 69.03 
3/25/2016 B04T03 RF 4.00 3.03 128.31 64.32 0.34 2.34 0.61 0.15 0.23 584 170 70.81 





Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block N% RFV% TDN% P% K% Ca% Mg% S% WFY DFY  H2O% 
4/15/2016 B01T03 C 1.00 2.31 160.36 64.96 0.31 2.22 0.73 0.18 0.20 2015 627 68.89 
4/15/2016 B01T02 RF 1.00 2.05 114.88 55.02 0.27 1.90 0.53 0.13 0.17 1255 338 73.10 
4/15/2016 B01T01 UF 1.00 2.50 169.63 67.26 0.35 2.60 0.61 0.16 0.20 1629 419 74.29 
4/15/2016 B02T03 C 2.00 2.61 181.06 68.68 0.29 1.85 0.98 0.21 0.21 998 286 71.32 
4/15/2016 B02T01 RF 2.00 2.48 155.07 65.94 0.31 2.18 0.65 0.16 0.20 966 261 73.03 
4/15/2016 B02T02 UF 2.00 2.28 181.54 67.85 0.31 2.33 0.63 0.15 0.20 1161 307 73.55 
4/15/2016 B03T01 C 3.00 2.30 161.49 64.80 0.30 2.17 0.72 0.16 0.18 1692 471 72.19 
4/15/2016 B03T02 RF 3.00 2.33 152.94 64.55 0.31 2.16 0.61 0.17 0.20 1418 349 75.40 
4/15/2016 B03T03 UF 3.00 2.42 170.44 66.22 0.34 2.76 0.70 0.17 0.20 3685 887 75.92 
4/15/2016 B04T02 C 4.00 2.73 174.41 66.81 0.34 2.29 0.83 0.19 0.19 2030 546 73.10 
4/15/2016 B04T03 RF 4.00 2.50 155.96 66.20 0.34 2.81 0.58 0.15 0.20 2504 639 74.48 
4/15/2016 B04T01 UF 4.00 2.71 160.02 67.05 0.36 3.19 0.66 0.15 0.21 3927 988 74.83 
7/20/2016 B01T03 C 1.00 1.96 130.06 56.60 0.25 1.58 1.32 0.20 0.28 3363 1179 64.93 
7/20/2016 B01T02 RF 1.00 2.08 106.03 55.75 0.30 2.09 0.79 0.22 0.18 2084 738 64.57 
7/20/2016 B01T01 UF 1.00 1.71 81.70 49.43 0.28 1.63 0.61 0.18 0.15 2333 869 62.75 
7/20/2016 B02T03 C 2.00 2.30 152.59 61.17 0.31 1.41 1.50 0.23 0.28 2526 787 68.85 
7/20/2016 B02T01 RF 2.00 2.01 93.08 52.90 0.24 1.28 0.85 0.25 0.17 1631 660 59.56 





Appendix J. (Cont.) 
This appendix contains the spectral derivatives (i.e., vegetation indices), diversity indices, and forage properties used for correlation 
analysis in JMP in this study. 
Date Sample ID Treatment Block N% RFV% TDN% P% K% Ca% Mg% S% WFY DFY  H2O% 
7/20/2016 B03T01 C 3.00 1.98 126.53 57.06 0.32 2.09 1.24 0.24 0.25 4703 1456 69.04 
7/20/2016 B03T02 RF 3.00 1.85 91.36 50.48 0.28 1.76 0.92 0.23 0.16 3459 1290 62.70 
7/20/2016 B03T03 UF 3.00 1.95 93.17 51.62 0.27 1.71 0.84 0.22 0.16 3603 1296 64.02 
7/20/2016 B04T02 C 4.00 2.13 106.91 56.51 0.37 2.25 0.80 0.26 0.18 2833 765 72.99 
7/20/2016 B04T03 RF 4.00 1.99 99.74 53.94 0.29 2.08 0.92 0.25 0.18 3495 1154 66.97 
7/20/2016 B04T01 UF 4.00 1.92 98.76 54.14 0.29 2.09 0.68 0.23 0.15 4530 1288 71.58 
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